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TECHNICAL FIELD
[0002] The present invention relates to an electrode material and a method of generating
the electrode material. The present invention also relates to an electrode, in particular, a
cathode for a lithium battery.
15
BACKGROUND
[0003]  As the energy consumption rate per year increases répidly, energy storage devices
have become more and more important, for example, to regulate or buffer the peak energy
flow in portable electronics and for energy transportation. Of the various energy storage
20 devices available currently, lithium ion secondary batteries provide good charge-discharge
characteristics and thus have been widely adopted as power sources, in particular in portable
electronic devices, amounting to a market of US$ 5 billion in the energy storage industry.
[0004] Notwithstanding the above, limitations in terms of cell voltage, specific capacity
and cycle life are still present in existing energy storage devices, which need to be overcome
25  to meet the rapidly increasing demand for high performance electronic devices with improved
energy density, reduced fabrication cost, and enhanced safety to users.
[0005] In view of the above, there exists a need in the art for improved electrochemical
cells that exhibit enhanced performance while maintaining improved stability and safety. In
particular, there exists a need for improved electrode materials for electrodes, which

30  constitute an integral part of such electrochemical cells.



25 to neet the rapidly increasing demand for high performance el ectronic
devices with inproved energy density, reduced fabrication cost, and
enhanced waRety1iga6users. [0005]In view of the above, tRETEGeX29DE6H need
in the art for inproved el ectrochem cal cells that exhibit enhanced ,
performance while maintaining inproved stability and safety. In particular,
there exists a need for inproved electrode materials for el ectrodes, which
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pect, the present invention refers to an el ectrode for an
[0007] In a second aspect, the present invention refers to an electrode material comprising
rare »earth metal fluoride nanoparticles embedded in a carbon nanostructured matrix
obtainable by the method according to the first aspect.
[0008] In a third aspect, the present invention refers to an electrode material comprising

15  rare earth metal fluoride nanoparticles embedded in a carbon nanostructured matrix.

[0009] In a fourth aspect, the present invention refers to an electrode for an
electrochemical cell comprising an electrode material accordiﬁg to the second aspect or the
third aspect.

[0010] In a fifth aspect, the present invention refers to a cathode for a lithium battery, the

20  cathode comprising an electrode material according to the second aspect or the third aspect.
[0011] In a sixth aspect, the present invention refers to use of an electrode material
according to the second aspect or the third aspect for the manufacture of an electrode.

[0012] In a seventh aspect, the present invention refers to use of an electrode according to
the fourth aspect as a cathode in a lithium battery or an anode in a fluoride ion battery.

25 [0013] In an eighth aspect, the present invention refers to a lithium electrochemical cell or
battery. The lithium electrochemical cell or battery comprises an anode comprising a material
selected from the group consisting of metallic lithium, a lithium alloy and a lithium
intercalation material; a cathode comprising an electrode material according to the second
aspect or the third aspect; and an electrolyte comprising a lithium ion conductor, wherein the

30 lithium ion conductor allows lithium ion transport between the anode and the cathode during

charge and discharge of the lithium electrochemical cell or battery.



el ectrochem cal cell conprising an el ectrode material according to the
second aspect or the third aspect. [0010]In a fifth aspect, the present
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understood with reference to the detailed descrjption o
to lithium ion batteries, fluoride ion electrochemical cells operate on the principle of

15 simultaneous fluoride ion insertion and de-insertion reactions occurring at positive and
negative electrodes in concert with electron transport between electrodes as shown in Figure
1. During charge and discharge of a fluoride ion electrochenﬁcal cell, F" ions are shuttled
between the negative and positive electrodes. The maximum voltage in a fluoride ion
electrochemical cell results from differences in the chemical potential of the fluoride ions in

20 the negative electrode and the positive electrode. The positive electrode and negative

electrode are respectively high voltage and low voltage fluorides, which are able to reversibly

exchange fluoride ions (F).

[0017] Figure 2 is a schematic diagram showing the average working potential for an

example fluoride ion electrochemical cell having a LaF;4 negative electrode and a CFy
25  positive electrode. As can be seen from Figure 2, the open-circuit voltage between the typical

anodes and cathodes can reach a value of greater than 4.5 V. This is determined by their

electrochemical reduction potential. As shown in Figure 2, the difference in the electrode

potentials for this example is about 4.5 V. The theoretical cell voltage takes into account the

La**/La and the CF,/F redox couples and the open circuit voltage at the end of charge is
30 expected to be 4.5 V, which is larger than that of a conventional lithium ion battery.

[0018]  Figure 3 is a table (“Table I”) summarizing the performance comparison of a

lithium ion battery and a fluoride ion battery. Theoretical energy density calculated for this
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20 Referring to the spectrum, Point A denotes the peak which signifies the presence of LaF;
lanthanum fluoride, while Point B denotes the diffraction angle for experimental pattern-
carbon coated LaF; nanofibers where no such peak is present.

[0025] Figure 10 is an energy-dispersive x-ray spectroscopy (EDX) spectrum of carbon
coated LaF, nanofibers.

25 [0026] Figure 11 are scanning electron microscope (SEM) images of LaF; particles in
carbon matrix (A) before, and (B) after heat treatment. The scale bar in (A)(i) and (B)(i)
denotes a length of 10 um. The scale bar in (A)(ii) and (B)(ii) denotes a length of 5 ym.

[0027] Figure 12 are field emission scanning microscope (FESEM) images of LaF;
particles in carbon matrix after heat treatment.

30 [0028] Figure 13 is a schematic diagram depicting LaF; particles in carbon matrix.

[0029]  Figure 14 is a x-ray diffraction (XRD) spectrum of LaF; particles in carbon matrix.



[0020] Figure 5 is a schematic flow di agram depicting a procedure for LaF3
particles in carbon matri x synthesis. [0021]Figure 6 is a schematic flow
di agr am oepi20tZ/ngi4a procedure for carbon coated LaF3 paPCISIGes120n006é&r bon
matri x synthesis. 15[ 0022]Figure 7 are scanning el ectron m croscope (SEM
i mges of LaF2 nanofibers (A) before, sand (B) after heat treatnment. The
scale bar in (A (i) and (B)(i) denotes a length of 10 Am The scale bar in
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bef or e cahed ma)x afterdieatierptmenteat ment . The scale bar in (A) (i) and (B)(i)

angt h AP ARy e Taski SRS Bitrgsork W) i) 8 7 i CEARE®

( FESEMpaitithgas corboh afalrip@x X befdre sarid(B) aftbolearatatinenfThe scdle bir ihn(Ayi el .
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Panpi cligaN GREARN198kL | tannid AQHoh 1hR46856d | BERDLhQR0G 55wt% LaF;
particles in carbon matrix (A) before, and (B) after heat treatment. The scale bar in (A)(i) and
(B)(i) denotes a length of 10 um. The scale bar in (A)(ii) and (B)(ii) denotes a length of 5 ym.
[0035]  Figure 20 are scanning electron microscope (SEM) images of polyethylene glycol
(PEG) (8 wt%) coated LaF; particles in carbon matrix.
15 [0036] Figure 21 are field emission scanning electron microscope (FESEM) images of
PEG (8 wt%) coated LaFj; particles in carbon matrix.
[0037] Figure 22 is a x-ray diffraction (XRD) spectrum of .(A) PEG coated LaF; powder
and (B) pure LaF; powder.
[0038] Figure 23 is a thermal gravimetric analysis (TGA) spectrum of PEG coated LaF;
20  powder compared with pure LaF; powder. |
[0039] Figure 24 are scanning electron microscope (SEM) images of carbon coated LaF;
particles with carbon matrix. The scale bar in (A)(i) and (B)(i) denotes a length of 10 um. The
scale bar in (A)(ii) and (B)(ii) denotes a length of 5 um.
[0040] Figure 25 are field emission scanning electron microscope (FESEM) images of
25  carbon coated LaF; particles with carbon matrix.
[0041]  Figure 26 is a schematic diagram depicting carbon coated LaF3 in carbon matrix.
[0042]  Figure 27 is a x-ray diffraction (XRD) spectrum of carbon coated LaF; particles in
carbon matrix.
[0043] Figure 28 is an energy-dispersive x-ray spectroscopy (EDX) spectrum of carbon
30 coated LaF; particles in carbon matrix.
[0044]  Figure 29 is a thermal gravimetric analysis (TGA) spectrum of carbon coated LaF3

particles in carbon matrix before heat treatment.



[ 0030] Figure 15 is an energy-di spersive x-ray spectroscopy (EDX) spectrum
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(TGA) spectrumof LaF3 particles in cgrbon matrix after heat treatnent.

[ 0033] Figure 18 are scanning electron mcroscope (SEM inages of 7.5 wt %

|l e
LoF DRSS Sl PR RN gy PRG0S Pk Bh iRt be et
in (A phiticled il cdrBdd ialrixie@thes teeatrggigt h of 5 pm 10 [0034] Figure 19 are
scanni ng el ectron m croscope (SEM inmages of wt % LaF3 partlcl es_in carbon

mat ri x [0040] beFigure 3&n§|a@el)ene@ﬁlpéiﬂagﬁ@atshqwaﬁw-upvﬁé eleetipehenygal icall ped, i )
and (Bé.(grt}lF gﬁ&%‘%%?&f «;ergg}l?Bg@g%%&ane The scale bar in (A (ii) and (B)(ii)

denot e gure 20 are scanning el ectron nicroscope

(SEM) i[oouyes dFigurel3zeshygrapteodiolepk (VPE@m{t&pw% cameite gmlAali’g) panpaririges i n
carbon matri Xx. 15[0036 Figure 21 are fi em ssi on scanni ng_el ectron
m cr os desprerformamgofi (hhkels RowdepE %aﬁmwl%%sdpéa@&ﬁ?t%r@? Eg}éﬂqur%d‘ésa‘rnbon

matrix.. gg)o’r?a]tm!: klg{'é; dﬁ%gg) SCg?ﬁéf (Elz'i_,gﬁ pﬁ%ae& fn%rﬁcﬁa%mf REEdEd R Qo <) PEG

coated® owder Figure 23 is a

t her nal[(c)i(gm&}tw rF&gune(33a1|sa:l gtal\b;\}go( Vidlagpe :{Wzagmnsnspécdx’&@apmay éniAleEBc@ﬁqumgjer

corrpare Wi pur owder i ng el ectron

m cros Mceorf@e% @fPO(‘}’ng&hggé?Eég(ng: ) et ISZ?FZ ?rhgcar bon matri x.
ﬂ"f“) &@4(15) alsh éﬁ)/&ta?e ?agﬁﬁstaspé&ﬁgwpa@f%éﬁ dfBparGl e bar

notes a ure 25 are
f i eI d ¢lre pssfommaswﬁﬂmg.aﬁi pzutlclcmrma:b@smpvc Qlﬁ@@liil\at %ﬁﬁ@e&)oﬁal’z%ardwn

coated.LaF Lcl.e t 0041 6 h t

i agr aif GEBPERIA SaRERL RS0 Ca DA P Bo b e e R SRS (s a

x-ray g 86a @@t@mE@@l@)w@/g)e@dawamm p&AIcRAin CaBbA thduak 3t PEY tC,c{SpPEGI(24ar bon
ure 28 is an energy-di spersive x-ray spectroscopy (EDX)

matri x. | 0043]
spectr ©fcoated bgFB particles in carbon matrix at 300 °C.
15 [0050] Figure 35 is a graph of voltage (V) against specific capacity (mA.h/g) comparing

the performance of (1) LaF; particles in carbon matrix sintered at 400 °C; (2) PEG (8 wt%)
coated LaF; particles in carbon matrix at 400 °C; (3) PEG (16 .wt%) coated LaF; particles in
carbon matrix at 400 °C; (4) PEG (24 wt%) coated LaF; particles in carbon matrix at 400 °C.
[0051]  Figure 36 is (A) scanning electron microscope (SEM) image of synthesized LaF3
20  particles; and (B) a x-ray diffraction (XRD) spectrum of synthesized LaFs.
[0052]  Figure 37 shows the x-ray diffraction (XRD) spectra of (A) Pbg2sLag75F2.5; (B)
CaygzsLag 75F2.75; (C) Pbo soLao soF2.50; (D) Cag.s0Lao s0F2 50, '
[0053] Figure 38 is a graph showing the discharge performance of (1) pure LaFs, (2)
PbosLag sF2 s; and (3) CagsLagsFas.
25 [0054] Figure 39 is (A) a scanning electron microscope (SEM) image; and (B) x-ray

diffraction (XRD) spectra for carbon coated LaF; electrospun nanofiber.

[0055] Figure 40 is a graph showing the discharge performance of (1) carbon coated LaF;

electrospun nanofiber; and (2) pure LaFs;.

[0056] Figure 41 are graphs showing the performance of synthesized electrode matenal in
30 lithium batteries as cathode. Figure 41A is a graph showing the electrochemical discharge

behaviour of nanoparticles comprising fluorides, for (1) Lag sPbgsF2s; (2) LaFs; (3) PbF;; and

(4) Lag 3Pbg 7F23; embedded in a carbon nanostructured matrix in lithium battery as a cathode.



30coated LaF3 particles in carbon matrix. [0044]Figure 29 is a thernal
gravinetric analysis (TGA) spectrum of carbon coated LaF3 particles in
carbon meWwoi2RId8Ese heat treatnment. WO 2012/ 118446PCTPEGCRG2212000064 6
[0045]Figure 30 is a thermal gravinetric analysis (TGA) spectrum of carbon
coated LaF3 particles in carbon matriy after heat treatnent. [0046] Figure
31 is a schematic di agram showi ng the set-up of a electrochem cal cell used
for th eIe chem ¢ test t a
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(C) PDbO.50La0. 50F2. 50; Ca0.5 LaO 50F2. 50
an organic carbon- -containing compound. Examples of inorganic carbon-containing

15  compounds include, but are not limited to, carbides, carbonates, simple oxides of carbon, and
cyanides. Examples of organic carbon-containing compounds include, but are not limited to,
hydrocarbons such as alkanes, olefins, arenes, alcohols, aldeltydes, ketones and thioethers,
and polymers.

[0059]  Examples of carbon precursor that may be used include, but are not limited to,

20  polyvinyl alcohol (PVA), polyacrylonitrile (PAN), polyethylene glycol (PEG),

polyvinylpyrrolidone (PVP), polycarbonate, polyester, polyether, polyalkene, polyimide,
natural crop, natural sugar, synthetic sugar, natural oil, synthetic oil, petrochemical, polyol,
resorcinol-formaldehyde polymer, and mixtures thereof. In various embodiments, the carbon
precursor is a polymer. Polymers may broadly be classified as natural occurring polymers,
25 such as proteins, starches, cellulose, and latex, and synthetic polymers such as synthetic
rubber, and bakelite, for example. Generally, any polymer may be used to form the dispersion
or the solution of the present invention. For example, the carbon precursor may be polyvinyl
alcohol. As another example, the carbon precursor may be polyacrylonitrile.
[0060] The method includes forming a dispersion or a solution comprising the carbon
30 precursor and rare earth metal fluoride nanoparticles. The term “dispersion” as used herein
refers to a suspension of solid particles finely dispersed in a liquid medium. For example, the

carbon precursor may be dispersed in a non-solvent to form a dispersion of the carbon



[ 0053] Figure 38 is a graph show ng the di scharge performance of (1) pure
LaF3, (2) Pb0.5La0.5F2.5; and (3) Ca0.51-,a0.5F2.5. 25 [0054]Figure 39 is
(A) a scamfiat/aBe6tron m croscope (SEM inage; and (B) PETS&poidiopdocact i on
(XRD) spectra for carbon coated LaF3 el ectrospun nanofi ber. [0055]Figure 40
I's a graph showi ng the discharge perf@grmance of (1) carbon coated LaF3

el ectrospun nanofiber; and (2) pure LaF3. [0056] Figure 41 are graphs
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The term ' car precursor” as used herein refers to a material that can be
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N,N-dimethylimidazolidinone, dlmethylsulf0x1de and sulfolane. Each liquid medium may be
used singly or in combination with another liquid medium. In éome embodiments, a polymer
may be dissolved in a liquid medium, such as a solvent, to form a polymer solution. In one
embodiment, the liquid medium is water, and polyvinyl alcohol (PVA) is dissolved in water

20 to form the solution. In anothgr embodiment, the liquid medium is N,N-dimethylformamide

and polyacrylonitrile (PNA) is dissolved in N,N-dimethylformamide to form the solution.
[0062] The method includes adding rare earth metal fluoride nanoparticles to the
dispersion or the solution comprising the carbon precursor. In various embodiments, a liquid
medium may additionally be used, and the rare earth metal fluoride nanoparticles may be
25  added to the liquid medium prior to adding the carbon precursor. The carbon precursor may
also be added to the liquid medium prior to adding the rare earth metal fluoride nanoparticles.
In embodiments in which the carbon precursor is a liquid, the rare earth metal fluoride
nanoparticles may be added directly to the carbon precursor.
[0063] In some embodiments, the rare earth metal fluoride nanoparticles are doped with
30 another metal. The term “doped rare earth metal fluoride nanoparticles” as used herein refers

to rare earth metal fluoride nanoparticles that comprise other metal atoms (“dopants”) in the



20 pol yvinyl al cohol (PVA), polyacrylonitrile (PAN), polyethylene glycol
(PEGQ, polyvinylpyrrolidone (PVP), polycarbonate, polyester, polyether,

pol yal ker®0 2pyMB4¥65de, natural crop, natural sugar, synPRESIGRIRHGEN64 .
natural oil, synthetic oil, petrochem cal, polyol, resorcinol-formal dehyde
pol ynmer, and m xtures thereof. |In varipous enbodi nents, the carbon precursor
is a polynmer. Polynmers may broadly be classified as natural occurring
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As used herein, the term "divalent metal" refers to an element having a valence or oxidation

state of +2. Examples of a divalent metal include, but are not limited to, an element from the



nanoparticles, while maintaining its parent structure. It does not require
formation of a single phase in which the dopant or the doped netal

substi t ut\®e 2012él18ese earth netal atons. [0064] 1 n vari ou®CESIGR0MN2000068, t he
rare earth metal fluoride nanoparticles nay be doped with another nmetal to
formm xed netal fluoride nanoparticlgg, so as to enhance the 5 perfornmance
of the rare earth netal fluoride nanoparticles. In sone enbodi nents, netals
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20 [0073] Either one or both M1 and M? comprises a rare earth metal to form the rare earth

metal fluoride nanoparticles. For example, M' may be lanthanum and M? may be magnesium.
In some embodiments, M' and M? may refer to the same metal. For example, both M! and M?
may be europium. M? and M? may otherwise be termed as the “dopants” of the rare earth
metal fluoride nanoparticles. Generally, M!, M? and/or M are present in the rare earth metal
25  fluoride nanoparticles in a molar ratio according to that set out in Formula (I). In various
embodiments, the value of x is such that 0 <x <0.75. For example, x may be in the range: 0
<x <0.5, such as 0 <x <0.25. In various embodiments, the value of y is such that y is 0 <y
<0.75. For example, y may be in the range: 0 <y <0.5, such as 0 <y <0.25. The values of x
and y may relate to each other by the equations 0 <x +y <0.75, and x + 2y < 3. For example,
30 the values of x and y may be in the range of 0 <x +y <0.5 or 0 <x +y <0.25. Generally, the

smaller the values of x and/or y translates into a smaller percentage of dopants in the rare



10 class of alkaline earth netals belonging to Goup 2 of the Periodic
Tabl e of El enents, such as beryllium nagnesium calcium strontium and
barium AvVOI2X®/E8t46metal nmay al so refer to a transiti onPRES&R20I00006HT

havi ng a val ence or oxidation state of +2. Exanples of transition netal
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nanoparticles is doped with M? only. Referring to Formula (I), the rare earth metal

20  nanoparticles may be descrlbed by M! 1-XM F3.x. When M! = La, M? = Ca, and x = 0 5 for

example, the nanoparticle may be Lag sCagsF2s. When M! = La, M? = Pb, and x = 0.25 for
example, the nanoparticle may be Lag7sPbg2sF27s. The method according to the present
invention includes forming the rare earth metal fluoride nanoparticles, by reacting a M'-salt
with M2-nitrate and an ammonium-based fluoride via a co-precipitation mechanism. Suitable
25  M'-salts and ammonium-based fluorides that may be used have already been discussed herein.
Generally, the M'-salt and M*-nitrate are reacted in amounts that correspond to the
stoichiometric ratio of M to M? in the doped rare earth metal nanoparticles. For example, to
form Lag7sPbgasF2.75s nanoparticles, the Ml-salt, the M'-nitrate and the ammonium-based
fluoride may refer respectively to lanthanum nitrate hexahydrate, lanthanum nitrate and
30 ammonium fluoride. The molar ratio of lead nitrate to lanthanum nitrate hexahydrate in the

solution may be 0.25:0.75, which translates into a molar ratio 1:3. In various embodiments,



WD 2012/ 118446PCT/ SG2012/ 000064 11 earth netal fluoride nanoparticles, and
decreases the likelihood of form ng a second phase of the fluoride conpound
of the dopenve/1180074] 1 n some enbodi ments, x = 0 and y Pc@isGeor/oédae rare
earth nmetal nanoparticles are not doped with another nmetal. Referring to
Formula (1), the rare earth nmetal nanpparticles 5 may be described by MF3.
Wen M = La, for exanple, such a nanoparticle may be LaF3. [0075] The
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achieve a La:F ratio of 1:3 in the forned particles. [0077]1n sonme
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Wen M. = La, M = Pb, gﬂ 0.25 for exanple, the nanoparticle may be
LaO. 75#5’@“@5&2’3%‘1“6#%“ (ﬂod according to the present invention includes
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nanoparticles in the dispersion or the solution is about 10 %, which has been found by the
inventors of the present invention to be an optimal value in achieving an improved yield of
nanofibers in embodiments where electrospinning of the dispersion or the solution is used to

20 form nanofibers comprising the carbon precursor and the rare earth metal fluoride
nanoparticles..
[0081] Typically, the rare earth metal fluoride nanoparticles do not react with the liquid
medium or the carbon precursor. In other words, the rare earth metal fluoride nanoparticles
may remain dispersed in the dispersion or the solution comprising the carbon precursor. The

25  rare earth metal fluoride nanoparticles may be dispersed homogeneously in the dispersion or
the solution. The term “homogeneously” is used to describe a composition, solution or
mixture whose elements are at least substantially uniformly dispersed in each other.
Accordingly, the rare earth metal fluoride nanoparticles may be at least substantially
uniformly dispersed in the dispersion or the solution to form a homogeneous solution.

30 [0082] In various embodiments, the maximal dimension of the rare earth metal fluoride
nanoparticles is between about 5 nm to about 500 nm, such as between about 5 nm to about

200 nm, between about 5 nm to about 100 nm, between about 5 nm to about 20 nm or
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depend on the type of liquid medium and carbon precursor used. In one embodiment, a
drying temperature of 90 °C is used when the liquid medium is water and the carbon
precursor is polyvinyl alcohol.

20 [0084] In various embodiments, the method of generating an electrode material may

further comprise electrospinning the dispersion or the solution to form nanofibers comprising
the carbon precursor and the rare earth metal fluoride nanoparticles prior to the drying step.
In one embodiment, the carbon precursor is a polymer, and electrospinning is used to form
polymeric nanofibers. In various embodiments, electrospinning is used to form polymeric
25 nanofibers from a solution formed from a water-soluble polymer, such as polyvinyl alcohol,
dissolved in water. In general terms, electrospinning refers to a process that is used to
produce fibers from a polymer solution or polymer melt. Typically, an electrospinning
apparatus useful for spinning nanofibers from a polymer solution includes a spinneret, such
as a metallic needle, a syringe and syringe pump, a high voltage supply, and a metal collector
30  which is grounded. The solution, which typically includes a polymer and a solvent, is loaded
into the syringe and is driven to the needle tip by the syringe pump, so that a droplet is

formed at the needle tip. An electrostatic field is used to generate a positively charged jet



25 rare earth netal fluoride nanoparticles may be di spersed honbgeneously
in the dispersion or the solution. The term "honogeneously" is used to
descri be WoOeorpas446i on, sol uti on or m xture whose el emreRCI/SGre12aD006east
substantially uniformy dispersed in each other. Accordingly, the rare
earth netal fluoride nanoparticles mayqbe at | east substantially uniformy
di spersed in the dispersion or the solution to forma honbgeneous sol ution.
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[0087]  Generally, the temperature at which the thermal decomposition of the mixture is
carried out depends on the type of carbon precursor(s) used. Typically, thermal
decomposition of the carbon precursor(s) is carried out at a temperature of about 300 °C to
25 about 900 °C, such as about 300 °C, about 400 °C, about 500 °C or about 900 °C. In one
embodiment, polymeric nanofibers formed from polyvinyl alcohol is decomposed at a
temperature of about 300 °C. In another embodiment, polymeric nanofibers formed from
polyacrylonitrile (PAN) is decomposed at a temperature of about 900 °C. The heat treatment
of the mixture may be carried out in an inert gas environment, whereby inert gases, such as
30 argon and helium, may be used.
[0088] The term “nanostructured” refers to the building structure of a material, such as

grains, particles, fibers, and filaments, having a size with order of magnitude in the



produce fibers froma polymer solution or polyner nelt. Typically, an

el ectrospi nni ng apparatus useful for spinning nanofibers froma pol yner
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nmto about 400 nm or about 400 nm [0086] The nethod of qgiener ating an
el ect r stestraspinninglis vesdpioi Hrmgpalunerie aanaibees; avhich aisr thenalyndgsamppdeto
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pr ecur $6¢h &Mtle dimensions of the polymeric nanofibers and the concentration of rare earth metal
nanoparticles in the matrix. In various embodiments, the widfh of the carbon nanofibers is
between about 5 nm to about 200 nm, such as about 5 nm to about 100 nm, about 5 nm to
about 50 nm, or about 50 to about 150 nm.

20 [0090] The method of generating an electrode material according to the present invention

may further comprise coating the rare earth metal fluoride nanoparticles with a layer of
carbon. The rare earth metal fluoride nanoparticles may be coated with a layer of carbon prior
to adding to the dispersion or the solution comprising the carbon precursor. In preparing the
carbon coating on the rare earth metal fluoride nanoparticles, the nanoparticles may first be
25 dispersed in a dispersion or a solution comprising a second carbon precursor to form a
mixture comprising the second carbon precursor and the rare earth metal fluonide
nanoparticles.
[0091]  Examples of carbon precursors that may be used for this purpose include, but are
not limited to, polyethylene glycol (PEG), polycarbonate, polyester, polyether, polyalkene,
30 polyimides, natural crops, natural sugar, synthetic sugar, natural oil, synthetic oil,
petrochemical, polyol, resorcinol-formaldehyde polymer, and mixtures thereof. Generally,

the second carbon precursor that is used to coat the nanoparticles is different from the carbon



20 the rare earth netal fluoride nanoparticles to formthe carbon
nanostructructured matri x conprising the rare earth netal fluoride
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already been discussed herein.

[0096] The rare earth metal fluoride nanoparticles may have Formula (I). In various
embodiments, the electrode material includes rare earth metal fluoride particles comprising
30  LaFs, PboasLaosF2.7s, CagasLao7sF27s, PbosolaosoF2.s0, CaosolagsoF2s0, and combinations
thereof. In one embodiment, the rare earth metal fluoride nanoparticles are nanocrystalline

LaF;. It has been found by the inventors from the present invention that nanocrystalline LaF;
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enbodi nent, the raré& earth netal fluoride nanoparticles are nanocrystalline
the general sense refers to a device comprising one or more electrochemical cells for the

production of electricity. Each electrochemical cell may comprise an electrolyte, a cathode,
and an anode.

25 [00101] The term “electrolyte” as used herein refers to an ionic conductor through which
electricity may be conducted. Examples of electrolyte include, but are not limited to,
inorganic lithium salts such as LiF, LiClO4, LiAsFg, LiPFs, Li;CO;, and LiBF4; fluorine
containing organic lithium salts such as LiCF3SO;, LiN(CF350,),, LiN(C,F5SO,),, lithium
1,2-tetrafluoroethane disulfonylimide; dicarboxylic acid containing lithium salt complexes,

30  such as lithium bi(oxalate)borate; and sodium salts and potassium salts, such as KPFs, NaPFg,
NaBF; and NaCF;SOs, and their combination. In various embodiments, LiF and LiPFg in

ethylene carbonate:diethyl carbonate (EC:DEC) is used as the electrolyte.



LaF3. It has been found by the inventors fromthe present invention that
nanocrystalline LaF3 WD 2012/ 118446PCT/ S&012/ 000064 17 have a nuch better
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thigd asPerdtalft JdWRierNHEHAIRR dRbodRRemsed BiRddrOkHRIARs & BubfopaBmied! nily

el ectrochem cal cell. 20[00100] The term "el ectrochem cal cell" refers to a

devi ceadditionadlyrbegressnitodieii tie iem andjglestranoconduetion;ia he ptraghps stablg. Forane
el ectrical ..ene I nt o .chem ca. . nmibattery" in the general
PRy BRAL B B ReR e PO oSy GRS L Y 9

sense I Ng . el'ectrochem cal cells for
the prostiol] oThefel@oaé msi by . folmaehbe! dpbsiiaantloaly @aiprisify theoepeti®ie an

el ectrolyte, a cathode, and an anode. 25[00101] The term "el ectrol yte" as
used haesrial.r e cgoadugsivandijusn dhe dirdse 1aad & AvitARdm LigRidceRrEET BR rAnCElESTadsy be

co uc .f j. 1 . i m

bt garigent PR Bl suBL RS LG o B FRVAR TS dients

Li BE4; afsblvent sueh e N-miethyhg-pyrgdidose iIsiushd asntediqued sarcier. theldl &HE986 8yrrent

Li N(CF3S02) 2, Li N(C2F53802)2, lithium 1, 2-tetrafl uqQroethane di sul fonylim de;
di car bSRKAHE R bF wrﬁugﬁﬁlﬁﬁ cfriqa qugfgr-tm@&ﬁﬁmg@}%@%n@rﬁogés Preditum

bi (oxahal gddRhat et &RsH Sitb SRHidShRArRAL BSALLD Bah e elditfdaeas KPF6,
NaPF6, NaBF4 and NaCF3S03, and their conbination. In various enbodi nents,
Li F anf0a10PF6 Tha etectrgde accoohing tn vareonudi esthodimends bb thet pregeBCIinDET)jor mapded as

t hSO el ggédrzgla%ta%bde in a fluoride ion battery. In various embodiments, the positive electrode and

negative electrode reversibly exchange fluoride ions with the electrolyte during charging and
discharging of the battery. Accordingly, the fluoride ions may function like anion charge
carriers in the electrochemical cell. For example, during discharge of the battery, fluoride
ions may be released from the positive electrode and accommodated by the negative

25  electrode. Similarly, during charging of the battery, fluoride ions may be released from the
negative electrode and accommodated by the positive electrode. The term “accommodating”
refers generally to intercalation of fluoride ions into a host material, and may also include
reaction of fluoride ions with the host material. The electrode material that is used to form the
electrode may therefore function as a fluoride ion host material to accommodate the ions.

30 [00106] In various embodiments, the electrode may also be used as a cathode in a lithium
battery, such as a lithium primary battery or a lithium ion rechargeable battery. In this regard,

a fifth aspect of the invention refers to a cathode for a lithium battery, the cathode comprising



WO 2012/ 118446PCT/ SG2012/ 000064 18 [00102] The terns "cat hode" and "anode"
refer respectively to the el ectrodes at which reduction and oxi dati on occur
during bawOepiz/dBelehar ge. During chargi.ng of the batter PCTSGR0RI00&E4 of

oxi dation and reduction are reversed. In an electrochemcal cell, the

cat hode or positive el ectrode has a higher el ectrode potenti al conpared to
the anode or negative 5 electrode. The term' electrode potential" refers

to a volt 29&1’0d fﬁlﬁ@ﬂgpgc&?dlqg%ugh%d %ﬁﬂ? eﬁq o PE dgfﬁlgf %Le%f:t rtolﬁlfﬁ béke ¢ o

t he prgne I'n Oor 1Tn contac em cal species at

di f f er giiprignpHAoLANb P theviabéiere of thrtpessent iﬁ@é:&ﬁ)]n thinehetlectrodedformetfromtiang t o
various enbodi nents of the invention ma further conpri segﬁﬁéonductl ve
di | uentlecpdenmaterigheomprisngrae epdansta dlugridp mrpeparidgeemp A0 £93880M 0 and

metal | i qugi]% ed {getr{xuflﬁsh%{l ﬁgpcﬁgh r@&%x%de r(])l?én@l Erwhish GHai@S i éltllltéb_q)é qpal yner,

may ad(IJl presen el ectron conduction in the
el estr @ﬁkﬁsdesinablhtmunh mmﬁwe@rm@ﬁanmg\tq Exahple |8rany|ngnes 32 wo35 df«ar ¢xeiphe, iti s
used as the binder. JI The el.ectrode fornqe Z%Sltl n

sl ur ry haphesn; fepnd, thah the flectiofe gateptialds ingrease 8 R aRY Brecfp?’h {IMEeSy

bi nder gﬁgaﬁd %U'aﬁlaxgle&rdd'e%hﬁecp ﬂglhgerﬁreo&rﬁnm%iaﬁ‘ﬁhﬁcﬁﬁﬁlc]ré%lﬁﬁ@ the G@luegstt or

with su quent evaporation of th carrier. In various enbodi rrents
a sol ve\nﬂc}smcﬂntlrasraxlrgertd’tdbyut-zs Mtloratbbutﬁ)ﬁé/ ifs aetherexaniple, lif canibg seerr frowyr The

| ectrqgd t I'le t abl | t
one. e A bt IS B Sho v e et B uie Pr b FRERE L BURR R
onyg V"ﬁ‘i'tlﬁﬁmtéT@ctl%l:h@rﬁﬁéal' &lIC QhkRsh R dafHode tcbﬁlpﬂkﬁcénr élgﬁrodlé(iﬂ:it%ﬂl alb&ding

el ectrode according to various embodi ments of the present invention nmay be
20 usedo saricus thnﬂlgncrns af theyiovention; drat isare teartly mata] jdgugnepasdeleehicd, ~ t he

W th 1 1 SeEorl) GBS G E R B RS hRL P B e i bie® T one

Accor dichgicity of ffige élle@tﬁquelmdapaal rmythésd:nmel @fhdde kehiethbaripidia rge eagth mesls i n
the el ectrochem cal cell. For exanple, during discharge of the battery

f1uori @@orlémanmymskesmé Maé’é)dsﬁzrséimﬁ@r%%? !qr%st BICER36¢ BURAPAFiLY> Q8 é@ﬁﬂ%at ed
by 15 he ?gﬁgth'cvcﬁaxégf tﬁ@fl{hﬂgﬁgle?{r&ﬂeﬁ'{]éay Ceﬁiur Ing charging of the battery,

fluoride 1on ease romthe negative el ectrode and acconmodat ed
by the [p@i®i7] i %e@ll@obd@da:ordihg tds eariousaaatandimetds ofigle ineéraion Igﬂ:jnbc abddyint 0
intercalation of fluorjde i o é ggtBOSt mat erial , . and al so.incl ude

react | EHAIFRAIGAS A cyamplsntt r’WM Prgasy pag secepdary F%t(‘ﬁ SABIORiR A, 5
t hat ?anécFQ)In t?%é 91%@&5éﬁ€m%aﬁeélfsogﬁecr@é’ eiéﬁ%l@g o %} {ibAifdnl R8st tRe Elebtpddede ion

host materi a acconmmpdat e t he 1ons. [ 00 10 I n various enbodi nents,
the el éndludedbutray nal Switbbto, s sdpasapacite h@chsor,ra hybtidtebdctrachemicadrdgyicsurh as a

i um pri mar atter ithjumion rechargeable battery. In this
BQ d 2 rechargep ‘\41 g’éﬁ%ré’t‘%& t%eal ?ﬂ?{f?ﬁfl on refers to a cathode for a lithium
bat terypodRp RLAGHE SPEA! ihei fresent Ry Eitiot! rbld¢ AP PGTHIR2Adct/0RERRA dfl éin

el ectrode naterial according to the second aspect or the third aspect. It
has bedattersir fhe dithiginyelecstpsierpigal pdl phbatiary compfisgshan pﬂ%@emcamwlérﬂpﬂ(ﬂn t hat

1 et S 20 L Rk PGP SeRAP B TR SRR i
i mpr ovéghiemeatlitieids Allyeatitium aMvyily medesl add & Uitiahligtetalation material. For
25  example, the anode may be formed from a lithium alloying material such as Al, Bi, Cd or a
lithium intercalation material, such as carbon and graphite. The cathode comprises an
electrode material in accordance with the second aspect or the third aspect. The electrolyte
comprises a lithium ion conductor, wherein the lithium ion conductor allows lithium ion
transport between the anode and the cathode during charge and discharge of the lithium
30 electrochemical cell or battery. In various embodiments, an inorganic lithium salt, such as

LiF, LiClO4, and Li,COs, dissolved in a suitable solvent is used as the electrolyte.



5 cathode in a lithiumion battery. Referring to Exanple 8 and Fi gures 32
to 35, for exanple, it has been found that the el ectrode potential is

i ncr easedwbypor/figegbor of nore than 2.5 tinmes as conpar e®CTSGaN 28064 r ode
formed using rare earth netal nanoparticles alone, the value of which is in
t he range of about 2.5 V to about 3.520/. As a further exanple, it can be
seen fromFigure 41, which are graphs showi ng the el ectrochem cal discharge
behavi t el l, he

cat hodg(lsm%f9 r |hg %sﬁgﬁgre+5@c‘?r i’l)h%e‘g Ijege?te kir{vae lglggo |h( ﬁg tﬁ(a;ér\l/&:fr ﬂrog ueslwgl?r’%gé r(r%lnt s of
t he i n¢eiMbi Battery. e Midiide @1 ¢lbctraeherhichl cedr @rdﬁtta@rmpq:ﬁses:hremodh; zbathode doped
Wi th another netal, as in the case for La0.7121130. 3F2. 7 and

La0. 5Pod srelestrolye: Ths seade samprisphan Fipciseda RateplopacerrAwifeckith the second

t hese, h cles
of L aad L (R GE kb TROARRIRTORIAE PRALMITERlinink MRS, DRIl bl
150% elflotidé-conthiaingematetial neludes bummeeioedimmnhmnmahl fledrides[€DOH @F |LaFhe

el ectrode accordlng to various_enbodi pents of t enti an, be used in
. ks Megn HaFarpl e onf Cobg5s Giengel 317 G0t AT BRoTIESPriansats R

cati On'\&ﬁnctfﬁfeoé?i:&roﬂg botBnigdof Q@athbf(ﬂ?c&hﬁr%lﬁé’fép @&s?sft‘ilng(‘tﬁé Iﬂ%on&?-@&ﬂtfn‘nﬁlg _
exanpl es of application areas of the electrode inclu but are not I'lmted
to, a snyperiatdphigh¢raromparasicongbe an(uiehlsnlaybd uebdacAOrcordmgh' dhé flaenide-eontainin@da

h bl tte t t t, th
or o5 en ST At Rtk s % oeriie; Ph el g Rer B P RO U SO ERRG e
lighiu réle%{rS&é ﬁﬁféhﬁmééalto Gt thefanbdd. tTRE 1 RBRAd Fafie AMoANORR, el&h‘é@ﬁéiﬂhdﬂ and

an el ectrolyte. The anode conprises a material selected fromthe
consi sicelhgr bittempaedording kd thiipgesentany¢ntion eamprisesya flepridetipn am@ct%ywagem

oy be Cte R B o G ol R TRl perk B, 82 SRATRL T un S gRECe

l'i t hi uRuiing ‘éh&%b ahil QfischBfgerdfahe fRiofille ash elettbcuhemil geldphibiattery e vadéusode
conprises an ectrode material in_accordance with the second aspect or the

tm rd &mbediments;gheseleetiqlyeys 8 msalpllvaride, gomprisingiMa; Kn Rbe Mg @ndior Gan&erei n
I t d
95t e 5 STt 1 ML, BGQUREIS il AR he anoce
30e| eco®adlogmThal mceitionoﬂlubmtttvet}y dedonibeditieceis reagp cditabty the, panti¢adomg dwi ¢

Irthrunrsalt such as Li F, LiCl104,. and. Li 2C03, di'ssol ved i i t.abl e
sol ventb T@C‘Er é’é Anyselemente P clemsntsy é‘mltW 2@157“1@8%1?6 ﬁ&?ﬁg@@ﬁ@/}’ 0@'@@8%‘120

[ 00109}eleihy 1:] rfdi'ee{xaﬁ‘i?ﬁe(fﬂe teriR€ "%rﬁﬁﬁﬁﬁg“ YRR, "'&in@aﬁﬁm%o dc.fdndArgede ion
el ectroc enlca el Battery. The fluorfide ion electrochem cal cell or
bat t er yeadoerpansedy and avitoet limitatiom odidditiomhllyn thel teons and/ expressinns camepleyed

es.a electrod mat er i i n_accordanc t he cond as t _or the
nPPa Bt boveriren bt oy s AT Sl ReTeRA of Hfflon
Exanpl s tfuse JflsHe tefifs aRNERirBisitths BeREluding E'aﬂ leki® aleRtd tof AR feafired dhdwined t O,
nmetal fluorides such as LaF3, CaF2, MF2, F3, and CaCeF2. Cenerally,
any typad df:scrllbad) pr g@moosrtharqqf,r’rglt rfas eedognized thajwiaricustmediBeasions 8igePqseiblent i al

of a cat. or _con n | is
hi gher S SPE o R B S Sd b0G e WOLRE be S 8eBkB) MBS
fluori @@es@ﬁlnﬁﬁbﬁtidighimbﬁnl @}Jecﬂfcalﬂylellséﬁisb@@? pr@feﬁreﬁldtﬁhdddiﬁemt@mnd optional
el ectrochem cal cell is different fromthe inventive 10 el ectrode materi al

usdd t deateresnmedifieatisneand Maratigroet: the iRpMeations qrpkodiqd BercHehsrein dsaesed Bd¥eni cal
cel | op, br%gc\;}ﬁedyto AL Wil e SRR bR R ERTIRS| SSvAialibhO ke T on
conductor erel UOI’I e 1on"con UCt or uoride 1on transport
bet weemohsri@eredlaﬁl&ﬁnﬁintth@sdopéhml&ﬂummg charge and di scharge of the

fluoride ion electrochenmical cell or battery. |In vari , the
el ect r 699k1d]; Ihs ingentions hasobgegedeseibrsy P%"ia& Néd graerigplly %ﬁreﬁan]gr %ﬁ‘e f or
15 exa V. f a0 e ions
in ther;g(g1 ?:Vte I?o‘?e% fé ﬁ?é&?&&eﬁ#%&wﬁl\%ntl g%n%ftﬁﬁs@?'aée ?%lgggﬁglgg%re |4t1)§<§)dfdﬁgr ein
mag0s uipalf yhdofrrverrtamt Thsdnéloddshhe glreeicciesaiptianpf diccimeeritionrwigh e peovis, or
limtation or limtations, not specrfrc | | drsclosed erei.n hus, for

exanpl ECEHE lirgitaton TEBAPNE SNK gubIcotmatier fopbthe sepu,Tegardlfyof whether 8hagY  pe
[ead YRR a0 ikl fePhdAlan. Addi tional Iy, the terms and
expressi ons e erei’n ave een used as ternms of description and
not of Irnltatron and there is no intention in the use of such terns and
expressi ons of excluding any equi val ents of the features shown and

descri bed or portions thereof, but it is recognized that various

nodi fications are possible within the scope of the invention claimed. Thus,
it should be understood that although the present invention has been
specrfrcally drsclosed by preferred enbodrnents and optronal 25 features,

Y b1 I



narrower species and subgeneric groupings falling within the generic

di scl osure also form 30 part of the invention. This includes the generic
descri pt i\ 20f2/11BE6i nventi on with a provi so or negat i ve PCIT{SIGR12i000064 enovi ng
any subject matter fromthe genus, regardl ess of whether or not the excised
material is specifically recited herepn. WD 2012/ 118446PCT/ S&012/ 000064
21 [00112] O her enbodinents are within the follow ng clains and non-

limti . L . -Qr ct: S {avention
are deddpigla i enRatfe kit REIEENERY @Rl BRCkR Rl SMACI AR

I ecogniadg@itibhakhdré eattveoitdspects of the sivehtian sleylesteibed ibtetims bf Markash gloupsy

i ndi vi dual nenber or subﬁroup of nmenbers of the Markush_ group.. 5

EXPERI Mg akillega fhonart woll nespemize Hist thennvendiopds pls ﬂéﬁfaﬁ’oqie;ﬁﬁ‘iﬂmﬂl indermof

(PVA) i V] MEWY mer sol ution was

pr epar égl' u%sd‘:lﬁgua}l ﬁe%?%g\%b%gé%r%@é ul?éé.ggﬂﬁg ul ztgaﬁ%tleé}gJ#%(iunt of PVA was

di ssolved in water at 140 C to nmake a 15 wt % 10 PVA solution, in view that
a higher concentration of PVA_gives r i s solution and is easier
to formfibers (less dropl eEéi)P%lﬁl%Eﬁ@'@ngﬁﬁf’ms added slowy to allow
di ssol 3@101%3 O‘E%K}@lp?! Kifhatich g%#ghﬂgl alBdlibl (PO AT Sbiutibpn vas stirred

overni ght a . bon coated LaF
nanof i (j@dld4] A ppB@iny6jaldehglu(RVA) ppslymes shbwieni wast propardd agirgnihdefoilowingg a

Rl 7 ot GrGERA R A EE AR BEP Vanten SRt ek pebeL b rG o s il 8 g

usig VA Qb16H6M TR VidwEthabh h%h@xf ceReftratioh:o? P A @filek ¥ rhote Qridcbas SWtidiOAndt | on
and stirred overnight at 80C. %_00118] Subsequent | t he sol uti on was

el ect r s pasient to Gonmifibersatlossi deoptets) THaepRY Anpelamer zmsOaX@eé@wbsm mHPWg ar e

as follow, [.001 Vol.t age;. 1 ’ | le.size: 0. 2 G - 0.6
nmm (23dt§f?lu n&ﬁ%pﬁiy@erin Ffﬁ}l%?n’%ygéessgi élﬁlclslg%&rs gtﬁﬁﬁég‘c’ﬁ e }%?111,[4(()) é’)l | ector:
10 cm [6@A3PO0Exakplé 2VSithbsifof éa3boh coMmed Aal¥, aanofibétyi ck tenperature

i ncrease ma}/ result i n heterogeneous nanofipbers and broken fibers, heat
treat nEPR1161 [Fignnezhims sehematigdlow piggram depjting p (PEOGedHST fopdaE2 RAROTDSES | ed
outlgat S;;%ge%for 7 hours at a heating rate of 4 Cmn" to convert PVA into
carbon.

Fbon coated LaF2 nanofibers were attai ned.
[00117] 10 wt% of lanthanum nitrate and ammonium fluoride, which are LaF, precursors,

were dissolved using a stoichiometric ratio of La:F = 1:3 directly into the PVA solution and
stirred overnight at 80°C.
[00118] Subsequently, the solution was electrospun to obtain nanofibers. The parameters

20  for electrospinning are as follow:

[00119] A) Voltage: 15 kV; B) Needle size: 0.4 mm (27 G) - 0.6 mm (23 G); C) Flowrate:

2 ml/h; D) Distance from needle tip to collector: 10 cm.

[00120] In view that a high temperature and quick temperature increase may result in

heterogeneous nanofibers and broken fibers, heat treatment of lanthanum fluoride / PVA
25  composite nanofibers was carried out at 500 °C for 7 hours at a heating rate of 4 °C/min, , to

convert PVA into carbon. Carbon coated LaF, nanofibers were attained.

[00121] Example 3: Synthesis of LaF; particles in carbon matrix

[00122] Figure 5 is a schematic flow diagram depicting a procedure for LaF; particles in
carbon matrix synthesis.
30 [00123] Lanthanum nitrate and ammonium fluoride (LaF; precursors) were dissolved in

water at a stoichiometric ratio of La:F = 1:3. The resultant solution was stirred for at least 45



[00121] Examsle 3: S nthesis of LaF articles in carbon matrix [00122]
Figure 5 is a schematic flow diagram depicting a procedure for LaF3
particl eswprrorarpen matri x synthesis. 30 [00123] Lant haRawiSGenav@eand
ammoni um fl uoride (LaF3 precursors) were dissolved in water at a
stoichionetric ratio of La:F = 1:3. The resultant solution was stirred for
at least 45 WD 2012/118446PCT/ SG2012/ 000064 22 m nutes, and centri fuged

for 3 ¢ cI &s st a Y.

with e 8?) §ﬁ%t gﬁ%é tﬂfg C% g“ﬁ%%@l on&&/a(%qgl %ﬁg&?&rlgﬁgﬁvo%‘\a’/%%ﬁto form
LaF3 peyéle fithl éithan] sﬁ&eqﬁnmﬂyvme gdslhuc@meaﬁécaﬁsx@glsn ofenlta Formp DuBesovwder.
solution at 10 wt% 7.5 wt%and 5 w% of LaF3, were prepared. For a 10 wt %
LaF3 S(B‘I)Qit2|4bn Varigps weighprencentiatigngpbakrowder; solwinndat AL ahded% #d pvA
sol uti 0 d

¢ erper antie b Foro BBt JAR 101 P B R R bSPTIR LAY, @
nanef i pewder M@laZﬁl]:d Liart P¥AURDIutivor(refer ExBMAlec Opasi the selotén lveassstivesde heat
treated at 300 C for 1 hour at a heating r&;g of 1C/ mn, ({h‘FS particles in
car bon owemighk a%@“@ﬁfaéi‘i‘rﬁ@é 80 Pgotlsgtrospinming of the sadyfipn,was to qhtaip 2 %oat ed
LaF3 PRgdina) ©F ahibafidth RRrBY DA cofipdsROhAIRHRLOWER teal Fedte HIRITC forfil OW
di agram depi cting a proce or carbon coated LaF3 particles in carbon
mat r i X heyindthdehtng ﬁwdﬂbﬁ%nat LaBs pertitles3 qaghoni rotes waobtanadi ed out to
|ncrease th condu tivit powder, was first

coat ed [9912R] pdixamn es] i d1al phigles bop m#PYX o) yt i on
(reher (o@TP! Fiddre @_ he al%ﬁ&ﬁaiw ﬁowstﬁg 1&9@ 93ﬁoce@5re[@>me%ﬁ]onvﬁate@us
concent rations of PEG at 8 wt% 16 % and 24 W % PEG i n sol ution, were

used f &aF3 pattigtes mpcarhmz atatronsynﬂwslsmgfoan coafing of LaFypaEcles vlag tcmmd ofibto

l e, LaF3 d i.n -.PEG | h
Facto. drerge dnPinghera, B 15 R8BS hERAHL LAyl Ui Brit ot i 2o
t he wWatglyetytbnBEPy P APEG) Listifste RAMGIY MSth@@VleonTﬁefePEiaﬁl@w ‘13)1 T3

powder was coated at 300 C for 1 hour to convert PVA to 20 carbon, and
car bon prasgdarg useds ap deliays: was obt ai ned. [00129] 10 wt % of car bon coat ed

Lags pi@@l ag%h%%&’%eﬁﬁ%ﬁdh‘s%ftﬁ% RYA &9%“?6 Qo2 $4 WidSPEQYE's {}fugﬁﬁ at a

t enper rospi nni I'i was ‘carried out obtain nano er’s.

Heat t rmepé trwat foﬂf:albaiilbbﬁmm’dihf)h tmfrqd@ahng\éﬁs QOVPRIRG tselutian,ofor leraraplepkaléar r i ed
out at 300 C for 1 hour .using a heating rate of 1 C/ m.n, %ar b0ﬂ0urga,lt ed LaF3

part i clPe¥derWasmbse andstifrgd ssPh@ rsélué‘BP Hsing @ weighi a9 OEN A P24l
Char act uﬁ&'g{]%r&h dr&fp2o @@&9{ ﬁg&@ okpgémteﬁ PECOCGRHECE AR Gt Qog0Pe

was use to aracterize the nanof 1 bers that were obtai'ned using the
gener aIcohmtéib(Thb(m“pﬁ caxtéd halty pdchxavmplceatEd aF3 QYL@ far hheurstoaonveryP¥Aectot r on
m osco LaF2, nanof (A) before, and (B) after heat

SE% i ma
re&f1 Pl’tan W[gg@tﬁfj al?”‘?‘i’detfé”f‘?st?baé‘é@ n that nanofibers of LaF2 were
Obt ai Ng6013b§ €1 o8&l 8% bE e&MoR '&bE‘t@d LH?? pbivB&! wadlBisSited iR thcAPVAr Rdioh drfaei r

shapes "after heat treatnent.
stirred overnight at a temperature of 80 °C Electrospinning was carried out obtain nanofibers.
Heat treatment of Lanthanum fluoride / PVA composite nanofibers was carried out at 300 °C
for 1 hour using a heating rate of 1 °C/min. Carbon coated LaF; particles in carbon matrix
25  were obtained.

[00130] Example 5: Characterization of LaF, nanofibers

[00131] Scanning Electron Microscope was used to characterize the LaF, nanofibers that
were obtained using the general methodology outlined in Example 2. Figure 7 are scanning
electron microscope (SEM) images of LaF, nanofibers (A) before, and (B) after heat
30 treatment. From Figure 7, it can be seen that nanofibers of LaF, were obtained after
electrospinning. The fibers do not break and retain their shapes after heat treatment. It was

also observed that after heat treatment, the carbon coated LaF, nanofibers are thinner and



al so observed that after heat treatnent, the carbon coated LaF2 nanofi bers
are thinner and WD 2012/ 118446PCT/ SG2012/ 000064 23 their structures assune
a nore waWQL0vlig44appearance. Figure 8 is a schematic dPaGS&RVIAOPINSE T Ny
LaF2 nanofibers. [00132] It is first expected that LaF3 nanofibers wll be
formed fromthis experinent. However,23romthe x-ray diffraction (XRD) and
ener gy-di spersive x-ray spectroscopy (EDX) 5 results shown in Figure 9 and
Fi gure [ [ fi.b Al si ng

| ant nadlith FREEHE e o et lhoelihed  MeBRNY! iy P sohchlai® Aatlatl?, 03
LaF2 naesitiimer sh aadofiltdrs.LaF3. A few possible reasons for this may be due to

fi rstli, t he hi gh si nterigpg tenperature of 300 C may have resulted in the
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met hodg}, pge Rik! stBfght! fiber WA PVA. After heat treatment at 300 °C, the fibers became

thinner and curlier, which may be due to the conversion of PVA into carbon matrix, while the

20  particles remain as LaFs. _
[00136] Figure 12 are field emission scanning microscope (FESEM) images of LaF3
particles in carbon matrix after heat treatment. From the images, it can be seen that LaF;
particles were irregularly stacked on top of carbon matrix. The dark colored spots denote the
LaFj; particles, while the light colored lines / tubes denote the carbon matrix. Figure 13 is a
25  schematic diagram depicting LaF; particles in carbon matrix.
[00137] Figure 14 is a x-ray diffraction (XRD) spectrum of LaF; particles in carbon
matrix. Figure 15 is an energy-dispersive x-ray spectroscopy (EDX) spectrum of LaF;
particles in carbon matrix. The XRD and EDX results show the presence of LaF3; and carbon
in the spun out fibers. It confirms the analysis that LaF3 particles with carbon matrix have been
30  synthesized using the general methodology outlined in Example 3.
[00138] Figure 16 is a thermal gravimetric analysis (TGA) spectrum of LaF; particles in

carbon matrix before heat treatment. The decomposition temperature of PVA to carbon was
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[00142] Figure 18 are scanning electron microscope (SEM) images of 7.5 wt% LaF;

i xed

particles in carbon matrix (A) before, and (B) after heat treatment. Figure 19 are scanning
electron microscope (SEM) images of 5 wt% LaF; particles in carbon matrix (A) before, and

20  (B) after heat treatment.

[00143] There were no struétural changes to the fibers by reducing the amount df LaF;
powder to 7.5 wt% and 5 wt%. Just like the results from 10 wt%, long straight fibers were
obtained before heat treatment, and thinner, curlier fibers after heat treatment. However, by
reducing the amount of LaF; powder, the yield of spun out fibers was very little (Iess than 20

25  milligrams for 4 hours of electrospinning). As a result, the amount of LaF; powder to be
mixed into PVA solution was fixed at 10 wt%.

[00144] Example 7: Characterization of carbon coated LaF3 particles in carbon

matrix
[00145] For this experiment, LaF; powder was first coated with PEG and sintered to form
30 carbon coated LaF; powder, before mixing into PVA solution. The characterization results

are as follow:
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[00150] The successfully synthesized carbon coated LaF; was then mixed with PVA
solution and spun out. The characterization results were as follows.
20 [00151] Figure 24 are SEM pictures of the carbon coated LaF; particles in carbon matrix,
which showed the same resulfs as the previous sample (LaF; particles in carbon matrix) in
Figure 11. Fibers with embedded particles were formed. Before heat treatment, the particles
were LaF; and the long, straight fibers were PVA. After heat treatment at 300 °C, the fibers
became thinner and curlier due to conversion of PVA into carbon to form the carbon matrix,
25  while the particles remained as LaFs.
[00152] Figure 25 are field emission scanning electron microscope (FESEM) images of
carbon coated LaF; particles with carbon matrix. Comparing the FESEM pictures between
carbon coated LaF; particles with carbon matrix in Figure 25, and LaF; particles with carbon
matrix in Figure 12, it can be seen that there was an extra layer of carbon covering the LaF;
30 particles in Figure 25 which was not seen in Figure 12. This means that carbon coated LaF;

particles were successfully spun out with carbon matrix. The average thickness of the carbon
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more, which was due to the carbon coating layer surrounding LaF; particles. This further
20 demonstrated that carbon coated LaF; particles with carbon matrix were successfully

synthesized.

[00155] The TGA result after heat treatment (Figure 30) was to justify the presence of

carbon even after heat treatment as there was a weight loss of 36.85 % at 800 °C due to

evaporation of carbon.

25 [00156] Example 8: Electrochemical Cell Testing

[00157] Battery performances of the electrospun lanthanum fluorides were tested as a coin
cell in half-cell configuration. The fluoride ion cell construction is shown in Figure 31 in
which lithium metal foil acted as the cathode, and LaF active material as the anode. LaF was
first mixed and stirred with polyvinylidene difluoride (PVDF) and carbon black using a
30  weight ratio of 80:15:5 to form a slurry solution, with N-Methyl-2-pyrrolidone (NMP) as the
solvent. The slurry was then coated on copper foil with a thickness of 25 ym to form the

anode.
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weight concentration of PEG.(carbon)"Ebit'eHHF}“particles in carbon matrix havé lower
specific capacity than LaF; particles in carbon matrix. This may be due to the presence of an
excessive amount of carbon in the active material which reduced the overall capability of the
battery.
25 [00166] Increasing the heating temperature to 400 °C would reduce the amount of carbon.
However, it increased the performance of the PEG (carbon) coated LaF; particles in carbon
matrix to almost the same level as the LaF; particles in carbon matrix as shown in Figure 35.
This indicates that carbon indeed improved the performance of the battery but not in
excessive amount.
30 [00167] Currently, the lithium ion battery has a market of US$ 5 billion in the energy

storage industry. New technology and concept to improve the battery performance that

exceeds that of lithium ion battery would explore this market further. Based on the test on the
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understanding of the renewable energy storage.

[00170] Example 9: Synthesis of nanostructured LaF; and doped LaF;

[00171] The synthesis of nanostructured LaF; and doped LaF; were done by a simple and

20 cheap water based co-precipitation method. Calcium, lead, copper, cerium and zinc were

chosen as dopants in the experiments. First, metal nitrate and ammonium fluoride in were
dissolved in deionized water (DI) separately. Then the ammonium fluoride solution will be
added into the metal nitrate solution drop by drop under rapid stirring.

[00172] Example 9.1: Synthesis of nanostructured LaF; particles

25 [00173] For the synthesis of pure LaF;, lanthanum nitrate hexahydrate was dissolved in DI
water with a concentration of 0.25 M. Subsequently, 2 M of ammonium fluoride salt was
dissolved in DI water separately. The molar ratio of lanthanum nitrate hexahydrate to
ammonium fluoride used was at least 1:3 to ensure sufficient fluoride ions in solution to form
LaF;. The ammonium fluoride solution was then added to lanthanum nitrate hexahydrate

30  solution in a drop by drop fashion using burette, and which is carried out under vigorous
stirring. The solution was stirred for 2 hours after the titration, and the precipitated LaFs

particles were collected and washed by centrifuging. The LaF; particles were centrifuged 3
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fluoride solution was then added to |znt hanum nitrate hexahydrate 30
solution in a drop by drop fashion using burette, and which is carried out

d i.
T o TR B oL T Qe D001 Y ibrlRE Al el s DRY LY RhPITHCE, |
centri fsg;gpltagyas'[mtd_@&&tpaPCiwbmwre centrifuged 3 WO

2012/ 118446. PCT/ SG2012/ 000064 29 t| rres f| rst vmth DI, water, followed by
i sopr opY174] c Example haSyn4 fpanstry loped 1 was left to dry at

90 C oy 7 Eggﬁg}? ' - d LaF3
parti cl g(él%?og:fr?g?%goﬁ%ope aﬂ% (geastlrip%/ St{néatgem r e%%ﬁrr‘{g%i a M%Fa?li}%gg&was

di ssol waehtavhtxahlydritdandh wated o atsmghexdhydm aTlee ratioDbf thiet metal niteates ta¢iee
solution. The ratio of the netal mtrage to.the | ant hanum_ nit

hexahy é@tﬁt@uns@aate@eﬁwgmuméo SEPATS the selytion was thg samg as tfﬁ*aPF @ie%sﬁéed
desir e%{fff&ijr_rg{io of‘rt}iengtfal RACIYL ?ailtliagﬁintlgn el RANIRAVIRLAY. 'F'@)r %Qﬁn?l@sfél t ed

compoun exa to obtain Pbo 25La0. 7/5F2, 75, the nolar ratio of |ead
ni t r at ebtain nglbmmﬂnﬁmermbkar Mwaifycktdani&atertoﬂztmhzsmhumtmtc heixkhydoate n 8fs; 0. 75

which is 1:3. bs the nium fl uori de sal ution. was, 10 added in
i o SBiER ST PaCAt et 1 13 Sasedanty! s Srsnamus P g R dion e ni ng
of 1§he 4§@diPinca 4ep By'&ro qmlﬁﬁuﬁct@twg&ttg SErifAY I TR IIRBISY M Rain O bf Ri¢ €

LaF3 (Exanple 9.1)." [00176] Exanpl e 10: Characterization of the norphol ogy

of sarrpamgleb\;asmmsxm carried[cmO r7the ssrrltbesmm¢ bafs (Eampter UbX ur e of the

sanpl e

X-ray Eﬁ)(ﬁ%ﬁic e ettt KRB ‘ Limy ’ &St war il
Fi gurexdaB) and Figure 37 it can be seen that pure LaF3 and doped LaF3
particles were successfully synt hesi zed usin sinpl e and cost effective
co- pr et9Qi77ht iTha memwhelgy vindcHrycture (aft the| Wﬁ@sctpﬂrmwteﬂow 8Fanuig

My g | %lﬁc {%’R@Ope @Eﬁ‘aﬂﬁﬁﬁ@%%}rg@ﬁ%%ﬂte %ﬁlﬁ"pper have been

suctess anum whi |l e nmai ntaining the
parent [60178¢t Wi@nahe XRD Raolsrsdwioin Figure Bé(B)l and Figere3XT,dt tanbe fdenchatde i on

conduction_in the material. [00179] Although m, Fi gure 36(A t he
part i clPEE kifseandsdaped @ymtpﬁargiefé&ereatp@c%geﬁiéayrttﬁemed using a 51m31e and cost

effective co-precipitation method, which is suitable for mass production of the material.
Dopants such as calcium, lead, zinc and copper have been successfully doped into the

20  lanthanum fluoride, while maintaining the parent structure of lanthanum fluoride, ensuring
the excellent fluoride ion conduction in the material. |
[00179] Although from Figure 36(A), the particles size of the synthesized LaF; seemed to
range from few tens of nm to pm in size. However, by applying Scherrer Equation D = 0.9
M(B cos 0), where D is the diameter of nanoparticles (nm); B is the full width at half

25 maximum for the diffraction peak under consideration (rad); A is the wavelength of the
monochromatic X-ray beam; and 6 is the diffraction angle (deg), on the XRD result of LaF3,
the crystallite size of the material was calculated to be less than 20 nm in size. In view of the
above, it may be concluded that the particles depicted in Figure 36(A) were agglomerates of
LaF; nanocrystals of not more than 20 nm in size.

30 [00180] Nanocrystalline LaF; was shown to have much better ionic conductance than

single crystal LaF; or LaF; with a much larger crystalline size. This proved that excellent



range fromfew tens of nmto Jimin size. However, by applying Scherrer
Equation D = 0.9 ?AB cos 0), where Dis the dianeter of nanoparticles (nnm;
B i s the WOI2b12/i18#46 at hal f 25 maxi num for the diffractiPER/SGaeIR/0000dEr
consideration (rad); X. is the wavel ength of the nonochromatic X-ray beam
and 0 is the diffraction angle (deg),3®n the XRD result of LaF3, the
crystallite size of the material was cal culated to be less than 20 nmin
size. Ingvi.ew of £9 ' i cted
o i g 46t CopliRoR SBH e blodlBea B, £ EHARE (ANTEAS RAEH B8R HED 50
nmin pietfhitadbn hRehbA0] Nanocrystal | i ne LaF3 was shown to have nuch better

i oni ¢ conductance than single crystal LaF3 or LaF3 with a nuch | arger
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wer e successful |y doped into LaF3 whil e maintaini the LaF3 parent
struct é@“@n IHB%’VWPICI‘\M the fivoride corapoudntithedensnt, éf’aﬁ%BWéYedarmunt of dopant of
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EC: DEC. [00184] Figure 38 shows that by doping LaF3 with other dopants, it

i s posisiibtissdlved indr@Nbef LiREs BpE@JE)EG capacitance of LaF3 from 166 mAh/g to

650 mAl for J.ead n to 425rrAh/ [ |CI um
doped E@%“?mﬁ i‘%‘ﬁeéﬁosﬁﬂvg aé%glara?B ]3'%810 &h%fﬂ%séfg’ (I:Sr%orrélb?e relg%rgg i vel y.
[ 00185 heE%R0BIicEca 2c1ta§cé‘bh@§F3Sﬁ6fn 069 A€ e 680 neAle/gtfb@&aumdpaE 1aRg fhdsed
LaF nanofibers 018641@? ectrical conductivity of the materials has been

i dent i fiiosy 16 mevee &t 42 eAlvgder ealpiunt dened rlaFe.rapichgmoyntste apost 380% and
peligor q@&%ﬁn&em‘éﬁ%&%\éﬁ&&y. To inprove the electrical

[00185] Example 12: Synthesis of carbon-coated electrospun LaF; and doped Lak;

nanofibers
[00186] Electrical conductivity of the materials has been identified as one of the important
factors that would affect the performance of the device. To improve the electrical

20  conductivity of LaFs, an attempt to interconnect these synthesized LaF; and LaF; based

doped compound into fibrous carbon has been done using electrospinning method.

[00187] To synthesize the carbon coated LaF3 electrospun nanofiber, the electrospinning

solution was prepared by first dissolving 0.5 g of polyacrylonitrile (PAN) into 8 ml of

dimethylformamide (DMF) under stirring at 60 °C. Then 1.0 g of the pre-synthesized LaF3
25 was added into the PAN solution, and the solution was stirred overnight to obtain a

homogenous solution.

[00188] The fibers were electrospun at 12 kV using a feed rate of 1.0 ml/h. The heat

treatment of the as-spun fibers was first stabilize the fibers at 280 °C for 1 hour, using a heat

ramping rate of 1 °C/min. The fibers were then calcined at 900 °C for 15 minutes, with a
30 ramping rate of 2 °C/min. The heat treatment was carried out under argon. The morphology

and structure of the resultant fibers were characterized by SEM and XRD, and the energy



20 conductivity of LaF3, an attenpt to interconnect these synthesized LaF3
and LaF3 based doped conpound into fibrous carbon has been cl one using

el ect rospvanorgiisashod. [ 00187] To synt hesi ze t he car borCEo&ReR/00e06S

el ectrospun nanofi ber, the electrospinning solution was prepared by first

di ssolving 0.5 g of polyacrylonitrilesf{ PAN) into 8 m of dinethylformam de
(DMF) under stirring at 60 C. Then 1.0 g of the pre-synthesized LaF3 25 was
added into the. PAN sol ution. .and t 1O T [ 0

obt ai n S@riksgiorBo oL g B bd bR Rur B it AR YR Bl A2
usi ng ohmacklédtiode ahd 0.5MBLIF diEkstvéiEiat].0 Meaf DiPRL irDECt DECas-etqettolyté.ber s was
first stabilize the fibers at 280 C for 1 _hour, using a heat ranping rate
of 1 CIORI8I] TKartanhepajedudralst elecirasapinsdaliber viste cuecssstully ynthediged vt h a

30 rampjng rate of.2 ' rr.ied: Penﬂ? ar gon.
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fi ber s ot mérenidl. 400 nm as can be seen in Figure 39(A). 5 Athin |layer of
carbon was coated on_ LaF3 t|cl).arti cles, and the% irticl es
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storag uci ng the ohm c resistance of the material.
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1. A nethod of generating an el ectrode material conprising rare earth netal
fluoride nanoparticles enbedded in a carbon nanostructured nmatrix, the

met hod cowprveingssa) form ng a di spersion or a sol uti orcetoEREIIBHNGS A
carbon precursor and rare earth netal fluoride nanoparticles; b) drying the
di spersion or the solution to obtain g m xture conprising the carbon
precursor and the rare earth netal fluoride nanoparticles; and

c) thermally deconposing the m xt ur(?’é%g},l orm the carbon nanostructured
matri x 10conprising the rare earth fl uori de nanoparticles. 2.The

met hod according to claim1l, wherein the carbon precursor is selected from
t he group consisting of polyvinyl alcohol (PVA), polyacrylonitrile (PAN),
pol yet Hyl end\ gneylaasl of per@yatingodny gleetyodsymptsriak eeraprismgyare soith caeto Auerede

pol yester, palyether 5 ol yal kene Lyi m n | Gr nat.ur al
sugar, synt Wg?gp@néﬁga?n}beﬁgf{%aaf cagpqm m{s?@ %t%{‘ﬁce rlgg %ﬁtrl%,{’%ﬁ)eg?]re gl((:)ﬁgpnm g%l,ﬂgpol yol ,
resgrci nol - f or gplfeiekige Bipatsih, orandolitish Wotpribing! £0irbdn Phecursdr ad rare

according to claim1 or 2, further conprising doping the rare earth netal
20f | uori de nanop#exth sieead fiyptide aanoppdicleset al . 4. The net hod according to

claim 3, whereinn r . . I [ I e | a
(5 250 1"y R R SRS or Bl Bpliblr 8 (Bl ARRRE bl Eink o™
dival ent netal; Poddirdosand thenareahrthmenat fhibrideharopanickisf ik one or both M
and M2 conprises a rare earth petal; and 00, 75; 00.75;0+y 0.75; and x + 2y <

3. c¢) thermally decomposing the mixture to form' the carbon nanostructured matrix
10 comprising the rare earth metal fluoride nanoparticles.
2. The method according to claim 1, wherein the carbon precursor is selected from the

group consisting of polyvinyl alcohol (PVA), polyacrylonitrile (PAN), polyethylene
glycol (PEG), polyvinylpyrrolidone (PVP), polycarbonate, polyester, polyether,
15 polyalkene, polyimide, natural crop, natural sugar, synthetic sugar, natural oil,

synthetic oil, petrochemical, polyol, resorcinol-formaldehyde polymer, and mixtures

thereof.
3. The method according to claim 1 or 2, further comprising doping the rare earth metal
20 fluoride nanoparticles with another metal.
4. The method according to claim 3, wherein the rare earth metal fluoride nanoparticles

have Formula (I)
25 Ml l-x-yszMSyF3-x-2y (I)

where
M is a trivalent metal;
M? is a divalent metal;
30 M? is a monovalent metal;
wherein either one or both M' and M* comprises a rare earth metal; and

0 =x <0.75;0 <y <0.75; 0 <x +y <0.75; and x + 2y < 3.



WO 2012/ 118446PCT/ SG2012/ 000064 33 5. The nethod according to claim4,
wherein 0 5.x 5 0.5 and 0 5.37 6. The nmethod according to claimb5, wherein
0 5 x 5 _OoveRoed8a65. 3, 5 0.25. 5 7. The net hod accor di RGTISG2empo@e of
claims 4 to 6, wherein M is selected fromthe group consisting of Sc, Y,
La, Ce, Pr, Nd;, Pm Sm Eu, &, Th, Dy3 Ho, Er, Tm Yb, Lu, B, A, G, In,
Cr, Fe, Co, Ni, Nb, Mo, Ru, Rh, and m xtures thereof. 10 8. The net hod
according to any one of clainms 4 to 7, wherein M2 is selected fromthe
group consisting of Mg, Ca, Sr, Ba, V, O, Co, Ni, Fe, Zn, Cu, Pb, Eu, Sm

Yb, Ti 5 M), T6e mdiod &RdeordRel toAhimQ] whafin 0isst w0eSandiekg0£0.59. The met hod
according to any one of clains 4 to 8 wherein MB is selected fromthe

15group consisting of Li, Na, K Rb, Cs, Ag, Cu, Au, Hg, TlI, and m xtures
t her eof, 10. -The rethod accordin =Y p? , Wherein x =0
and y 9‘0. il" .emﬁrﬁgo n%cf:%r?gl%tg%:l)arl i%ﬁ&l}%gy%ﬁa%(m%?&? a\?\lg?rsg?n_(?%% rare earth

netql fluoride nanoparticles 20are obtained by reacting M-salt with
anmoni um based fluoride. 12. The met hod. accor di n% to cllaim1l, wherein the
M -sal /- i s Jlrersther pecording o anooRe ebalaimg ¢ &) dovhereqy M dp sclegted frog} thee, an

i odi de, a btg?dupgsgnsigﬁ%!)r KL AL OB é?mnﬂfim Y& To2By208! B Fmvh,

format e, an©ox oXi'de, "an’ oXi roxi de, “and tarbonat €. 13.
The et hod am¢Br Ai, /Gy, g Gr| Bé,ri6al Ni, Mbdviej Ru,tRig aadnmixturesithasefd f| uoride is
ammoni um fl uoride or tetra al kyl anmmonium fl uoride. WO

2012/ 118446PCT/ S&012/ 000064 34

10 8. The method according to any one of claims 4 to 7, wherein M? is selected from the
group consisting of Mg, Ca, Sr, Ba, V, Cr, Co, Ni, Fe, Zn, Cu, Pb, Eu, Sm, Yb, Tj,
Mn, Ge, Mo, Ru, Pd, Ag, Cd, and mixtures thereof.

9. The method according to any one of claims 4 to 8, wherein M? is selected from the

15 group consisting of Li, Na,K, Rb, Cs, Ag, Cu, Au, Hg, Tl, and mixtures thereof.
10.  The method according to any one of claims 4 to 9, whereinx =0 and y = 0.

11.  The method according to claim 10, wherein the rare earth metal fluoride nanoparticles

20 are obtained by reacting M'-salt with ammonium-based fluoride.

12.  The method according to claim 11, wherein the M'-salt is selected from the group
consisting of a nitrate, a chloride, an iodide, a bromide, a sulphate, an oxalate, a
citrate, an acetate, a formate, an oxide, a hydroxide, an oxide-hydroxide, and a

25 carbonate.

13.  The method according to claim 11, wherein the ammonium-based fluoride is

ammonium fluoride or tetra alkyl ammonium fluoride.

30 14. The method according to any one of claims 4 to 10, wherein y = 0.



15. The method according to claim 14, wherein the rare earth netal fluoride
nanoparticles are obtained by reacting M-salt with M-nitrate and

anmoni umwaset/fiB4eri de. 16. The met hod accordi ng to cl CHISGBp12Wh@6€i n t he
M-salt is selected fromthe group 5consisting of a nitrate, a chloride, an
i odide, a brom de, a sul phate, an oxaggete, a citrate, an acetate, a
formate, an oxide, a hydroxi de, an oxide-hydroxide and a carbonate. 17. The

met hod .accordi ng .t o, claim 15, wherein the. ammoni b fluor] !
Toanmortum MagT SR e Whelsie R ot paa ok Ruh i des
accor di ng t QredbtaifeEb Pleattiml WE-sdlt WathIM?-nithies &idarhenivti-Bited Bacaént age of
the rare earth netal Tluoride nanoparticles in the dispersion or the

solution is about 5 %to about 25 % 15 19. The nmethod according to claim

nanopanti ol deerReEng e SRR SP s P e s AR sl Pl ol b Bropp,

met hod accorcghdiginglomihitedte, ®ichkiride"dn lodide, 1 brothide eh Bulphetel an exahtd, la net al
20f l uori de nanoparticles are di spersed_honogeneously in_ the dispersion or
t he sol uti omitrage, anTaeetaig: BofPrmaee @i Mgde.oa drydrade, oin exiderhydmoxids apd a
wherein ther Eh%edeconposing the carbon precursor is carried out at a
t enper at ure of "about 300 C to about 900 C. 2522. The nethod according to
claim1l1, further conprising coating the rare earth nmetal fluoride
nanoparticles with a layer. of carbon prior to step a).. 23. Th t hod.
accor dildg t dhe| methodoaccpptingity £latm b e WoSHEth tﬁ"etaé‘i‘mf"P‘HB‘r'l?"&E‘fnfg‘?ﬂS’ﬂﬁr i cles
ar gpcoat ed @h&ﬂnﬁmh§MSHd95r@g59 1 BYnroffn HuSR&L Sing the rare earth neta

a dis

fluoride nanoparticles In pérsion or a solution conprising a second
carbon precursor to forma mxture WD 2012/118446PCT/ SG2012/ 000064
18.  The method according to any one of claims 1 to 17, wherein the weight percentage of

the rare earth metal fluoride nanoparticles in the dispersion or the solution is about 5

% to about 25 %.

15
19.  The method according to claim 18, wherein the weight percentage of the rare earth
metal fluoride nanoparticles in the dispersion or the solution is about 10 %.
20. The method according to any one of claims 1 to 19, wherein the rare earth metal
20 fluoride nanoparticles are dispersed homogeneously in the dispersion or the solution.
21.  The method according to any one of claims 1 to 20, wherein thermally decomposing

the carbon precursor is carried out at a temperature of about 300 °C to about 900 °C.

25 22.  The method according to claim 1, further comprising coating the rare earth metal

fluoride nanoparticles with a layer of carbon prior to step a).

23. - The method according to claim 22, wherein the rare earth metal fluoride nanoparticles

are coated with a layer of carbon by
30 a) dispersing the rare earth metal fluoride nanoparticles in a dispersion or a

solution comprising a second carbon precursor to form a mixture



35 conprising the second carbon precursor and the rare earth netal
fluoride nanoparticles; and b) thermally deconposing the m xture to form
carbon codpedizasaeearth nmetal fluoride nanoparticles. Pa@/seenodoomecor di ng
to claim23, wherein the second carbon precursor is selected fromthe group
consi sting of polyethylene glycol (PEfy, polycarbonate, polyester,

pol yet her, pol yal kene, polyim de, natural crop, natural sugar, synthetic
sugar, natural oil,_synthetic qil, ro 1 C | val .
resorcinol - f or nal de‘?%?ﬁ:ps&ﬁ gll/lﬁéf(fongn %rﬁnx@é?degsorta%ﬂgrtggfrixr%ﬁrethrrné?tﬁlo uoancdceor di ng
to claim23 or 24, ydep&tibles;hadsecond carbon precursor is a different
material fromthe carbon precursor used to formthe carbon nanostructured
matrix. The nethbY thewerllyidegomposing thsmaixbire & farvscaghpn;qoated ragiearthimetal
thermal | y deconposi t 1 Xt L is carried out at a tenperature between
about 300 Cto abouf?&%%%&m)ﬁ%ga%ét hod according to any one of clains 1 to
26, 5wherein the maxi mal di nension of the rare earth netal fluoride

nanoparticles is between about 5 nmto about 500 nm_ The nethod accordi ng
to cl al 27 Thamesteedhagoeeding o plaim g nihsicshthsrseeond sasben preevnsonstselectadyor i de

nanoparti cl ' 5@.{? di ng
to claim 28%%2%%&%“?%&n%%%8?p g&ﬁ%ﬁ?ﬁ%%‘%ﬁ‘&gﬁgaﬁ?gygrt Itﬁlzprzricebtog)fég'(T‘X'F’uori de
nanoparti cl eslyethehglolyatkenabmlyinide, matiral abmutati@@iCsugan, syitbetiresugar natear di ng
to any one of clains 1. to 29, wherein the weight percentage of the rare
earth met al O $ypthglc r%hob’éﬂchﬁm’é@l’ili’f’li’ge e HI“EFHH@@;CLM@? oA Fhat 4%
rapges fro %to about 95 % WD 2012/ 118446PCT/ SG2012/ 000064 36
'i‘?; mrrg Ws tReof

31. The method according to claim 30, wherein the weight percentage of the
rare earth nmetal fluoride nanoparticles in the carbon nanostructured matri x

ranges.fro bout., 70 % to about . 80 ,% 2..The method according to claima1l,
furt hgfzgcomf‘ ﬁﬁﬂ?cgf“‘ec(?fcﬁﬂ% g‘? ﬁt‘iﬁ“ﬂ%g’t (I"fe§€i"§}beé?lgi i S%‘i"“?ﬁéﬁ?& Iﬁ? PO % or m
nanof i bers  QEfREdtShatridlFork ARPOAbEN PREHSEF usddotfien Hid EarBéd hindtebdtired
fluoride nanoparticles prior to step b). 33. The nmethod according to claim

32, wherei nmatmx.wi dt h of the nanofibers is between

C

15
26.  The method according to any one of claims 22 to 25, wherein thermally decomposing
the mixture is carried out at a temperature between about 300 °C to about 500 °C.
27.  The method according to any one of claims 1 to 26, wherein the maximal dimension
20 of the rare earth metal fluoride nanoparticles is between about 5 nm to about 500 nm.
28.  The method according to claim 27, wherein the maximal dimension of the rare earth

metal fluoride nanoparticles is between about 5 nm to about 200 nm.

25 29.  The method according to claim 28, wherein the maximal dimension of the rare earth

metal fluoride nanoparticles is between about 20 nm to about 200 nm.

30. - The method according to any one of claims 1 to 29, wherein the weight percentage of
the rare earth metal fluoride nanoparticles in the carbon nanostructured matrix ranges

30 from about 50 % to about 95 %.



10about 5 nmto about 500 nm 34. The nmethod according to claim1, wherein
drying of the dispersion or the solution to obtain a m xture conprising the
carbon preouseoNs4end the rare earth nmetal fluoride nanoB&miSIGEIBH0s4 by
spray drying. 15 35. The nethod according to claim1, wherein drying of the
di spersion or the solution to obtain @ m xture conprising the carbon
precursor and the rare earth netal fluoride nanoparticles is by spray
coating., 20 : [ sl 0g: i de
nanopa%giclgggéﬁggﬁégé&#ﬁﬂgtgg%boﬁﬁ%gﬂgg é&%%Sgggﬁhgfgﬁéé%g?g%ﬁgg{%Hgg t he
met hod accomgétalgldopida Axndpagiolds ifiltled ¢aboh danoRbuctitéd mrietanges fola abattet al
conpri si ng rare earthomet al fluoride nanoparticles enbedded in 25a carbon
nanost r uct uredd shovt & %.38. The el ectrode material according to clai m 37,
wherein the rare earth nmetal fluoride nanoparticles is doped with another
metal . WD 2012/ 118446PCT/ SG2012/ 000064 37 ML1l- x- yM2xMBYF3-x-2y(l) where M
iMi a tneval ﬁmérﬁmh@ﬂ accoiding t© claich 1 fueindr comtpaiking MB:cirespanning thealigretsioretnal ;

erein either one or hoth ML and M2 conpri,ses a rare earth tal; and
0).75; 0..yhersolutign {o ?@msanoéﬁarsxcomw% the pehps RRESPeR Hedaraea a
accordi ng t%&%l%id&ﬁ%na%ﬁ@l&ﬁior% &&pd).0 41. The el ectrode materi al

: er

according to claim ein00.25 and O
33. The method according to claim 32, wherein the width of the nanofibers is between
10 about 5 nm to about 500 nm.
34. The method according to claim 1, wherein drying of the dispersion or the solution to

obtain a mixture comprising the carbon precursor and the rare earth metal fluoride
nanoparticles is by spray drying.
15
35.  The method according to claim 1, wherein drying of the dispersion or the solution to
obtain a mixture comprising the carbon precursor and the rare earth metal fluoride

nanoparticles is by spray coating.

20 36. An electrode material comprising rare earth metal fluoride nanoparticles embedded in

a carbon nanostructured matrix obtainable by the method according to any one of

claims 1 to 35.

37.  An electrode material comprising rare earth metal fluoride nanoparticles embedded in

25 a carbon nanostructured matrix.

38. The electrode material according to claim 37, wherein the rare earth metal fluoride

nanoparticles is doped with another metal.

30 39. The electrode material according to claim 37 or 38, wherein the rare earth metal

fluoride nanoparticles have Formula (I)



42. The electrode material according to any one of clainms 37 to 41, wherein
M is 15selected fromthe group consisting of Sc, Y, La, Ce, Pr, Nd, Pm
Sm Eu, GNO2Ut/118446 Ho, Er, Tm Yb, Lu, B, A, Ga, |In, ECT/SE2012@0006Ni , Nb,
Mo, Ru, Rh, and m xtures thereof.. 43. The el ectrode material according to
any one of clainms 37 to 42, wherein M7is 20sel ected fromthe group
consisting of My, Ca, Sr, Ba, V, O, Co, Ni, Fe, Zn, Cu, and Pb, Eu, Sm
Yb, Ti, M1, Ge, M, Ru, Pcl Ag, MR d m'xtureil)thereof. 44. The

el ectrode material according to adyYone o1 *tPaims 377to 43, wherein M3 is
selected fromthe group consisting of Li, Na, K Rb, Cs, Ag, Cu, Au, Hg,
Ti, and 25m xtures thereof. 45. The el ectrode material according to any one
of clains 3Wheee 44, wherein y = 0. 46. The el ectrode material according to
cl ai m 45, rein. r .earth nmetal fluoride 30particles are selected
fromthe gmpgégﬁg%]g?ti‘ﬁé&%c)f LaF3, PbO.251-,a0. 75F2. 75, Ca0.25La3. 75F2. 75,
Fb0550La0. 5Q/2is aQivalefd nx@dla0. 50F2. 50, and conbi nati ons thereof WO

2012/ 118446PCT/ S&2012/ 000064 38 47. The el ectrode material according to

clai m 46, whdrisiaimenoyvalegtmedlyth netal fluori de nanoparticles are

nanocrystal | j . \%ﬁ%ﬂ. | ecit\wd eni 1 to any one of
clainms 37 tol‘%%dr eré)?igo{g(gmnl\gxi&ga gﬁ? nsi 5%]68?&![} ggdrg%lg earth netal
fl uori de namogard(.td; @s<y <M, Wesx +abs01755amix + @yabdbut 500 nm 49. The

el ectrode material according to claim48, wherein the nmaxi mal di nmension of
the rare earth netal fluoride nanoparticles is between about 5 nmto about

20QpnMy010 The electrode material according to claim 39, wherein 0 <x <0.5 and 0 <y <0.5.
41.  The electrode material according to claim 40, wherein 0 <x <0.25 and 0 <y <0.25.

42.  The electrode material according to any one of claims 37 to 41, wherein M is
15 selected from the group consisting of Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, B, Al, Ga, In, Cr, Fe, Co, Ni, Nb, Mo, Ru, Rh, and mixtures

thereof..

43. The electrode material according to any one of claims 37 to 42, wherein M? is
20 selected from the group consisting of Mg, Ca, Sr, Ba, V, Cr, Co, Ni, Fe, Zn, Cu, and
Pb, Eu, Sm, Yb, Ti, Mn, Ge, Mo, Ru, Pd, Ag, Cd, Sm, and mixtures thereof.

44,  The electrode material according to any one of claims 37 to 43, wherein M? is

selected from the group consisting of Li, Na, K, Rb, Cs, Ag, Cu, Au, Hg, T, and

25 mixtures thereof.

45.  The electrode material according to any one of claims 37 to 44, wherein y = 0.

46.  The electrode material according to claim 45, wherein the rare earth metal fluoride
30 particles are selected from the group consisting of LaF;, PbgasLagssF27s,

CagsLag 75F2.75, Pbg soLag s0F2 50, Cag soLag soF2.50, and combinations thereof.



50. The el ectrode material according to claim49, wherein the nmaxi mal

di mension of the rare earth netal fluoride nanoparticles is between about
20 nmt o Wbaotz/aedenm 51. The el ectrode material accor @ChGRo12808066ne of
claims 37 to 50, wherein the carbon 15nanostructured matri x conpri ses
carbon nanofibers. 52. The el ectrode s@terial according to claim51,
wherein the wdth of the carbon nanofibers is between about 5 nmto about
500 nm,,2053,Th I e 1 al r g : i 37, to
52, wndfei niPhatsepl beRdRl HEREE AARLHN WhorlntRY i ath i) HRorfe
partially ceatgdrtwléshréngarepRellimyedF;0f carbon. 54. The el ectrode materi al
according to claim53, wherein the average thickness of the second | ayer of
carbon is between about 25 nmto about 80 nm 25 55. The el ectrode nateri al

accordi,pg t f claj OarRPone W £ i : - age  of
the r ar4 g eaﬁrth %Q}r%é:ﬁgﬁ?e ?jlaﬁ?glfd ?%%Brndzgr%%aar i% ‘es |aﬁint|:g ﬁzhggyg{gﬁglﬁ%é%g@%r ed

mat §i X rangdinédsion abthetrabedrth mead dluorid® ndno@tidés Ehisetwbac tbades nmt ©r i al
according to claimb55, wherein the weight percentage of the rare earth

netal fl uorPBRUREAGERrticles in the carbon nanostructured matrix ranges
fromabout 70 %to about 80 % WD 2012/ 118446PCT/ SG2012/ 000064 39 An

el ectrode for an el ectrochem cal cell conprising an electrode material as

r ef er r dfl. t o Tha ekeirodnmatefiat ha@ondin@ ® ¢leinb 88, Whereml the maxdvalatimensiomgf the cl ai m

2 wh . h i ; . ; X ¢
g f U Oreir glenir%ﬁ%gif {engfag, ggrifllesn;rllogg[tigl%gles l;ert]wgenl allbtoﬂ{ y qumbtgta%g&tyZO(arnr&n anode in

10
50.  The electrode material according to claim 49, wherein the maximal dimension of the
rare earth metal fluoride nanoparticles is between about 20 nm to about 200 nm.
51.  The electrode material according to any one of claims 37 to 50, wherein the carbon
15 nanostructured matrix comprises carbon nanofibers.
52.  The electrode material according to claim 51, wherein the width of the carbon
nanofibers is between about 5 nm to about 500 nm.
20  53. The electrode material according to any one of claims 37 to 52, wherein the rare earth
metal fluoride nanoparticles are at least partially coated with a second layer of carbon.
54.  The electrode material according to claim 53, wherein the average thickness of the
second layer of carbon is between about 25 nm to about 80 nm.
25

55.  The electrode material according to any one of claims 37 to 54, wherein the weight
percentage of the rare earth metal fluoride nanoparticles in the carbon nanostructured

matrix ranges from about 50 % to about 95 %.

30 56.  The electrode material according to claim 55, wherein the weight percentage of the
rare earth metal fluoride nanoparticles in the carbon nanostructured matrix ranges

from about 70 % to about 80 %.



The el ectrode according to claimb58, wherein the electrode is an el ectrode
conprised in a supercapacitor; or a sensor; or a hybrid el ectrochem cal

devi ce; ovoaor¢dpesgeabl e battery; or a netal -air battePgl/SGeRh@de for a
lithiumbattery, the cathode conprising an el ectrode material as referred.
to in any one of clains 36 to 56. Usezgpf an el ectrode material according to
any one of clains 36 to 56 for the manufacture of an el ectrode. Use of an
el ectrode according to any one of clains 36 to 56 as a cathode in a lithium
battery or an anode in a fluoride ion battery. A lithiumelectrochem cal

cel I or7bat g e GRAB TorSa@eétochBmabD ekl cdda?xi@;@ateexeeumd Bhtefaloasefeeredal
selected fromthe group consisting of netallic lithium a lithiumalloy and
a |ithium i taiarangioae pbelaimeg # 10a16. b) a cat hode, the cathode conprising an
el ectrode material according to any one of clains 36 to 56; and c) an

el ectrolyte, the electrolyte conprising a lithiumion conductor allow ng

| i thi ussi onThe @ReREdd adeetdi@er tlain 3Mpdaereiidihc tectratil ide cathiodenin €hidriga and

di scharge of the lithiumelectrochem cal cell or battery. 64.A fluoride

i on el ect r obaftary enan erqde ina fygrdeion bR i sing 40 a) an anode, the anode
conprising an electrode material according to any one of clains 36 to 56;
b) a cathode, the cathode conprising a fluoride-containing material; and c)
an el es9r ol The electtedecaceoiding ot daianffyrwisdreig the electoodede an @lectrodal carhprised

allowing fluoride ion transport between.the anode.and the cathqde during
charge and H 38¥REFGRAGIOTE M FPEYr P’Hgﬁﬂﬂfi F@E?&S‘E‘Fﬁ? are 08 Ialrecgﬁargfﬁﬁfer y.
10 battery; or a metal-air battery.

60. A cathode for a lithium battery, the cathode comprising an electrode material as

referred to in any one of claims 36 to 56.

15 61. Use of an electrode material according to any one of claims 36 to 56 for the

manufacture of an electrode.

62.  Use of an electrode according to any one of claims 36 to 56 as a cathode in a lithium

battery or an anode in a fluoride ion battery.

20

63. A lithium electrochemiéal cell or battery comprising
a) an anode, the anode comprising a material selected from the group
consisting of metallic lithium, a lithium alloy and a lithium intercalation
material;
25 b) a cathode, the cathode comprising an electrode material according to any
one of claims 36 to 56; and
c) an electrolyte, the electrolyte comprising a lithium ion conductor allowing
lithium ion transport between the anode and the cathode during charge and
discharge of the lithium electrochemical cell or battery.
30

64. A fluoride ion electrochemical cell or battery comprising



WO 2012/118446 PCT/SG2012/000064

40

a) an anode, the anode comprising an electrode material according to any one of
claims 36 to 56;

b) a cathode, the cathode comprising a fluoride-containing material; and

c) an electrolyte, the electrolyte comprising a fluoride ion conductor allowing
fluoride ion transport between the anode and the cathode during charge and

discharge of the fluoride ion electrochemical cell or battery.



