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(57) The present invention concerns specific new
compounds of formula
Li(2-x)Na(x)MO(2-y/2)F(1+y) (where 0≤x≤0.2 and -0.6≤y≤0,8
and M is a transition metal), cathode material comprising

the new compounds, batteries and lithium-cells compris-
ing said new compound or cathode material, a process
for the production of the new compound and their use.
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Description

[0001] The present invention concerns specific new
compounds, cathode material comprising the new com-
pounds, batteries and lithium-cells comprising said new
compound or cathode material, a process for the produc-
tion of the new compound and their use.
[0002] Rechargeable lithium ion batteries will play an
essential role for future sustainable electrochemical en-
ergy storage strategy. The key challenges for future high-
energy and/or high-power automotive applications as
well as for large-scale stationary energy storage systems
are high performance electrode materials.

State of the Art and Backaround

[0003] State-of-the-art commercial cathode materials
such as LiCoO2, LiFePO4, LiMn2O4 and LiMn1.5Ni0.5O4
have low capacity of lower than 170 mAh/g and low en-
ergy density of lower than 500 Wh/kg (Melot et al, Acc.
Chem. Res. 2013, 46, 1226; Goodenough et al., J. Am.
Chem. Soc. 2013, 135, 1167; Zhong et al., J. Electro-
chem. Soc. 1997, 144, 205.)
[0004] Layered cathode materials LiCo1/3MN1/3O2 (re-
ferred to as NMC) with higher capacity of 190 mAh/g
have been developed. (T. Ohzuku et al., Chem. Lett.
2001, 30, 642.) A further optimization performed at the
Argonne National Laboratory leads to high capacity (250
mAh/g) lithium-manganese-rich NMC composite cath-
odes. (US 66 677 082 and US 6 680 143; Thackeray et
al, J. Mater. Chem. 2005, 15, 2257).
[0005] This high-capacity cathode material suffers
from voltage fading at higher current rates and capacity
fading upon high voltage (up to 4.9 V) cycling. Higher
capacity cathode materials are desirable for many com-
mercial applications. Vanadium-based materials have
received considerable attention for lithium (ion) batteries
due to the facts that (i) vanadium is cheap and abundant,
(ii) vanadium has relatively low atomic mass, (iii) vana-
dium has multiple oxidation states and the redox operat-
ing voltage (typically < 4.5 V) of vanadium-based mate-
rials is typically within the stability limit of conventional
electrolyte, and (iv) vanadium oxides have rich crystal
structures (Chernova et al., J. Mater. Chem. 2009, 19,
2526).
[0006] The ability of layered V2O5 for Li+ insertion has
been well characterized. Intercalation of one Li+ per for-
mula unit corresponds to a specific capacity of 147
mAh/g.
[0007] Further Li+ ions (X> 1 in LixV2O5) insertion caus-
es irreversible structural transformations (Delmas et al.,
Solid State Ion. 1994, 69, 257).
[0008] In addition, the voltage plateaus for the V5+/V4+

and V4+/V3+ redox reactions occur successively during
Li+ intercalation-extraction processes (Hu et al., Angew.
Chem. Int. Ed. 2009, 48, 210). This successive redox
couples cause complications in designing battery sys-
tems.

[0009] Layered LiV3O8 is capable of storing reversibly
two additional Li+ per formula unit, involving only V5+/V4+

redox couple (Pistoia et al, J. Electrochem. Soc. 1985,
132, 281). Rock-salt structure Li4V3O8 appears when fur-
ther lithiation proceeds, which causes deterioration in the
rechargeability (Picciotto et al., Solid State Ion. 1993, 62,
297).
[0010] Recently, a lithium-rich Li2VO3 vanadate with
rock-salt structure has been reported with excellent cy-
clability and a specific capacity of 253 mAh/g by utilizing
V5+/V4+ redox couple reactions (Pralong et al, Chem.
Mater. 2012, 24, 12). This material was obtained by elec-
trochemical lithiation of a monoclinic LiVO3.
[0011] One disadvantage of the above mentioned va-
nadium-based materials (vanadium oxides, lithium vana-
dates) is that they are restricted for a one-electron reac-
tion per transition metal. Another disadvantage is that
most of the materials require lithium source from anode
side and thus make industrial use difficult.
[0012] Fluorine-doped materials have been applied in
energy storage in order to improve the material perform-
ance and stability through surface fluorination and bulk
doping (by substitution fluorine for oxygen in oxide-based
materials). Fluorine-doped materials exhibit intrinsic sta-
bility in electrochemical system, such as the practical use
of fluorine-based electrolytes and binders. Owing to the
extraordinary electronegativity of fluorine, the M (met-
al)-F bonds have higher ionicity than the M-O bonds.
Fluorinated LiMO2, NMC, phosphates and spinel
LiMn2O4 have thus been developed and shown en-
hanced electrochemical performances. (Amatucci et al.,
J. Fluorine Chem. 2007, 128, 243.)
[0013] Intercalation cathode materials enabling be-
yond one Li+ storage per transition metal are attractive
and competitive for Li-ion batteries in comparison with
conversion cathodes (high capacity, but low work voltage
and relatively poor cyclability) (Poizot et al, Nature 2000,
407, 496). To date, polyanion-type intercalation cathodes
Li2MSiO4 silicates (Islam et al, J. Mater. Chem. 2011, 21,
9811) and Li2MP2O7 pyrophosphates (Nishimura et al.,
J. Am. Chem. Soc. 2010, 132, 13596) have attracted
tremendous attention in view of two-electron reaction and
higher lithiation voltage. However, practical electrochem-
ical performance of these materials shows that only one
Li+ capacity can be obtained for Fe-based compounds
and Mn-based materials suffer from server Jahn-Teller
distortion.

Object of the invention

[0014] In conclusion the prior art electrode materials
exhibit various drawbacks and disadvantages.
[0015] Therefore, it has been the object of the present
invention to provide new compounds for electrode ma-
terials, new cathodic materials, new batteries and/or lith-
ium cells and new methods for manufacturing these sub-
jects matter which no longer exhibit the drawbacks and
disadvantages of the prior art set out about above.

1 2 



EP 2 921 455 A1

3

5

10

15

20

25

30

35

40

45

50

55

[0016] In particular, the new compounds should be
suitable as high performance electrode materials.
[0017] A further object of the invention was to provide
batteries and/or lithium cells which allows the use of a
broad range of anode materials, in order to adapt the
anode material to the needed requirements. The new
cathode material has to be compatible with the other ma-
terials of the cells or batteries.
[0018] A further object was to provide a method for the
production of such an electrode material. The method
should be easily accessible and allow the production of
electrodes in high quantities and for industry scale appli-
cations.
[0019] Additionally, the battery materials should exhib-
its commonly improved Li storage performance as com-
pared to the state-of-the-art.
[0020] High performance electrode materials are de-
fined according to the invention as materials being suit-
able as electrode materials with high-capacity (> 150
mAh/g), high current rate (> 5.0 mA/g), high energy den-
sity (> 500 Wh/kg) and/or current rate of at least 5 mA/g.
In case of rechargeable devices a high cycling stability
(at least 10 galvanostatical charge/discharge cycles).
These features should be present at standard room tem-
perature (25°C) as well as at lower or higher tempera-
tures (+ 40°C).

Summary of the invention, detailed description and ad-
vantages

[0021] Accordingly a new compound of formula (I):
Li(2-x)Na(x)MO(2-y/2)F(1+y) with 0≤x≤0.2 and -0.6≤y≤0.8
and M is a transition metal has been found. This com-
pound shows improved characteristics of high perform-
ance electrode materials.
[0022] In one embodiment the subject matter of the
present invention is a compound of formula (II):
Li(2-x)Na(x)MO(2-y/2)F(1+y) with x=0 and y=0 and M is a
transition metal.
[0023] In a further embodiment a compound of formula
(III): Li(2-x)Na(x)MO(2-y/2)F(1+y) with with x = 0.1 and y = 0
and M is a transition metal has been found.
[0024] In one alternative of the formulas (I), (II) and/or
(III) M is in a trivalent oxidation state.
[0025] In one alternative the metal M is vanadium,
chromium, tungsten or molybdenum or a mixture thereof,
preferably vanadium or molybdenum or a mixture there-
of, especially vanadium.
[0026] Subject matter of the present invention is also
a process for the production of a compound according
to the invention including the step of milling the inorganic
precursors of the compound according to the invention.
[0027] According to the present invention the inorganic
precursors are selected from the following groups:

(a): Lithium containing compounds selected from the
group comprising or consisting of: Li2O, LiF and
Li2CO3.

(b): Compound containing a transition metal which
is able to achieve a trivalent oxidation state selected
from the group of comprising or consisting of: V2O5,
MoF3, MoHal3 Mo2O3, Mo2S3, WCI3, Cr2O3,, VF3
and VHal3, (with Hal = Cl, Br or I),.

(c): Compound comprising fluoride selected form the
group consisting or comprising of: LiF, NaF, KF,
CaF2, fluoride salts like CrF3, SbF3, AlF3, BeF2,
MgF2, SrF2, PbF2, AgFand HgF.

[0028] Where appropriate (d) a compound comprising
Na selected from the group comprising or consisting of:
NaF, Na2CO3, NaHal (with Hal = Cl, Br or I), sodium salt
like NaSO4, NaNO3.
[0029] Where appropriate (e) an oxide selected from
the group comprising or consisting of metal oxides, pref-
erably transition metal oxides as mentioned in group (b).
[0030] In one alternative the inorganic precursors are
selected from the above mentioned groups (a) to (e) so
that only elements as represented in the compound of
formula (I) are present, e.g. LiF, Li2CO3 and/or Li2O, NaF,
Na2CO3 (whereby CO2 is released) and/or Na2O, tran-
sition metal oxide or transition metal fluoride.
[0031] In case that insertion and/or intercalation of fur-
ther elements is desired, any respective compound of
the groups (a) to (e) can be used.
[0032] In a further alternative the inorganic precursors
are selected from lithium- , fluorid-, M- and oxygen-com-
prising compounds.
[0033] One embodiment is directed to inorganic pre-
cursors selected from the group of LiF, Li2O, V2O3 and
if applicable NaF and/or Na2CO3.
[0034] In one embodiment in the process of the present
invention Lithium compounds are added to transition
metal compounds so that the molar ratio of Lithium to
transition metal is from 4 : 1 to 1 : 2 , preferably 1.8 : 1
to 1 : 2, more preferably 2: 1.
[0035] In another alternative precursors are used in
the process of according to the invention so that the molar
ratio of lithium to oxygen is from 1.8 :2.3 to 2 : 1.6, pref-
erably 1:1.
[0036] In a further alternative the ratio of lithium to ox-
ygen can be 2:1.6.
[0037] The fluorine to oxygen ration can be adjusted
within the claimed range.
[0038] Furthermore, the lithium can be partially re-
placed by sodium.
[0039] Thus, the material performance can be altered
by the chemical composition.
[0040] In a further alternative inorganic precursors are
used so that lithium is up to 20 % excess, preferably 10%,
especially 5%.
[0041] In one alternative a mechanical milling is per-
formed.
[0042] In one alternative a mechanical ball-milling is
performed. In one embodiment of the invention high en-
ergy ball-milling is performed.
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[0043] The precursors are milled according to the proc-
ess of the present invention at 300 : 600 RPM, preferably
400 : 500 RPM, more preferably at 450 RPM for at least
10 hours, preferably for 10 to 72 hours, more preferably
20 to 50 hours.
[0044] In a further embodiment of the process accord-
ing to the invention the milling step is performed under
inert atmosphere.
[0045] The crystallite size of the product of the milling
is about 3 to 15 nm, preferably 5 to 14 nm, more preferably
6 to 12, below 10, especially 8 to 10 nm, 9 nm.
[0046] A further embodiment of the present invention
is directed to a cathode material comprising one of the
above mentioned compounds. In one alternative the
cathode material comprises the compound of the inven-
tion and carbon black, preferably in a ratio of 8: 0.5 to 1:
2, more preferably of 4 : 1.
[0047] In one embodiment of the present invention the
product of the milling process, the compound of the in-
vention is mixed with carbon black in a ratio of compound
of the invention to carbon black from 8 : 0.5 to 1 : 2, pref-
erably of 4 : 1.
[0048] In one alternative the mixing is carried out by a
milling process, preferably a ball milling process. The
milling is performed at 100 to 300 rpm, preferably 200
rpm for about 3 to 10 hours, preferably 4 to 8, more pref-
erably 5 hours.
[0049] The product of this process is a cathode mate-
rial for a battery and/or lithium cell.
[0050] In one embodiment the compound of the inven-
tion is used as cathodic material. The material is pro-
duced as disclosed above.
[0051] In a further embodiment of the invention the
compound of the invention or the above disclosed ca-
thodic material are used in batteries and/or lithium cells.
[0052] One embodiment of the invention is directed to
a battery and/or a lithium cell comprising the compound
of the invention or the above disclosed cathodic material
of the invention.
[0053] The battery and/or a lithium cell of the invention
are characterized by a specific capacity of 150 to 500
mAh/g, preferably of 200 to 500, more preferably of 300
to 450 mAh/g, especially 400 mAh/g.
[0054] In one embodiment this high, above mentioned
specific capacity is a reversible discharge capacity.
[0055] The discharge voltage is about 2 to 3 V, prefer-
ably 2.5 V.
[0056] Thus, in one alternative the battery or the lithium
cell of the invention is characterized by a energy density
of 300 to 1.200 Wh/kg, preferably 600 to to 1.200 Wh/kg,
especially up to 1.000, preferably 1.000 Wh/kg.
[0057] The battery or the lithium cell of the invention
has a current rate of 5 to 9, preferably 6 to 8, more pref-
erably 7-7.5 mA/g in a temperature range of 20-50°C,
preferably 25-40°C.
[0058] The battery and/or lithium cell of the invention
have as counter electrode a electrode comprising or con-
sisting of a material selecting from the group of: lithium,

carbon materials, carbon, metal, alloy or oxide, Si , pref-
erably a counter electrode comprising or consisting of
lithium.
[0059] As electrolyte the battery and/or lithium cell of
the invention, has an electrolyte comprising or consisting
of a material selected from the group of: 0.7 M lithium
bis(oxalato)borate in ethylene carbonate/diethyl carbon-
ate (7:8 w/w), lithium hexafluorophophate (LiPF6) in eth-
ylene carbonate, dimethyl carbonate , preferably 0.7 M
lithium bis(oxalato)borate in ethylene carbonate/diethyl
carbonate (7:8 w/w).
[0060] In comparison with the prior art, several remark-
able advantages of this new compound are: (i) two-elec-
tron reaction based on M3/M5 is accessible per transition
metal, (ii) the initial composition is at lithiated state, (iii)
it has an impressively high theoretical specific capacity
of 462 mAh/g and experimentally, up to 400 mAh/g re-
versible discharge capacity has been achieved.
[0061] The average discharge voltage is about 2.5 V.
Thus, the energy density (up to 1000 Wh/kg) and/or the
capacity are much higher than those for the state-of-the-
art commercial cathode materials.
[0062] Furthermore, in comparison with the start-of-
the-art commercial cathode materials, this new material
exhibits much higher capacity and energy density. It also
shows excellent cycling stability.
[0063] The lithium-containing inorganic oxyfluoride ac-
cording to the invention is able to store reversibly large
amount of lithium ions with a two-electron redox reaction
of the transition metal M.
[0064] The crystallite size of the compound of the in-
vention is below 10 nm. This nanocrystalline character
of battery materials exhibits improved Li storage perform-
ance.
[0065] The lithium-containing cathode materials of the
invention provide lithium source from itself for lithium ion
batteries and/or lithium cells. Thus, a broad range anode
materials can be used for the assembly of full cell.

Brief summary of the drawings

[0066]

Fig. 1
Powder X-ray diffraction patterns of synthesized
Li2VO2F after ball-milling and mixture of starting pre-
cursors according to Example 1.

Fig. 2
Electrochemical charge/discharge voltage versus
time for Li2VO2F using lithium as counter electrode
measured between 4.1 and 1.3 V at a current rate
of 7.7 mA/g at 40 °C according to Example 1.

Fig. 3
Electrochemical charge/discharge voltage versus
time for Li(1.9)Na(0.1)VO2F using lithium as counter
electrode measured between 4.0 and 1.3 V at a cur-
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rent rate of 7.23 mA/g at 25 °C according to Example
2.

Examples

Example1:

[0067] 0.5188 g LiF, 0.298 8 g Li2O and 1.499 g V2O3
powders were mixed together, placed in a gas-tight con-
tainer in an argon-filled glovebox and subsequently ball-
milled at 450 rpm for 50 h to obtain Li2VO2F.
[0068] Fig. 1 shows the X-ray diffraction patterns for
the starting mixture and ball-milled Li2VO2F. The sharp
diffraction peaks from the starting precursors disap-
peared and new phase with broad diffraction peaks were
formed after ball-milling. The crystallite size is about 9
nm, calculated by Scherrer equation.
[0069] As-obtained Li2VO2F powders were mixed with
carbon black (4:1 w/w) by ball-milling at 200 rpm for 5 h.
[0070] Electrochemical tests were performed using a
Swagelok-type half-cell setup using lithium as counter
electrode, two sheets of glass fiber as separator and 0.7
M lithium bis(oxalato)borate in ethylene carbonate/die-
thyl carbonate (7:8 w/w) as electrolyte.
[0071] Fig. 2 shows the galvanostatic charge/dis-
charge performance tested between 1.3 and 4.1 V versus
lithium at a current rate of 7.7 mA g’ at 40 °C. The initial
discharge capacity was 400 mAh g1.
[0072] Li2VO2F shows excellent performance over fur-
ther cycling.

Example 2:

[0073] 0.4928 g LiF, 0.2838 g Li2O, 0.0420 g NaF,
0.0530 g Na2CO3 and 1.499 g V2O3 powders were mixed
together, placed in a gas-tight container in an argon-filled
glovebox and subsequently ball-milled at 450 rpm for 24
h to obtain Li(1.9)Na(0.1)VO2F.
[0074] As-obtained Li(1.9)Na(0.1)VO2F powders were
mixed with carbon black (4:1 w/w) by hand-grinding. Elet-
rochemical tests were performed using the similar pro-
cedure as described in Example 1.
[0075] Fig. 3 shows the galvanostatical charge/dis-
charge performance tested between 1.3 and 4.0 V versus
lithium at a current rate of 7.23 mA/g at 25 °C.
[0076] The initial discharge capacity was 290 mAh g1.
Li(1.9)Na(0.1)VO2F shows excellent cycling stability over
further cycling.

Example 3:

[0077] 0.9805 g LiF, 0.06 125 g Li2O and 1.499 g V2O3
powders were inixed together, placed in a gas-tight con-
tainer in an argon-filled glovebox and subsequently ball-
milled at 450 rpm for 20 h to obtain Li2VO(1.6)F(1.8). As-
obtained Li2VO(1.6)F(1.8) powders were mixed with car-
bon black (4:1 w/w) by ball-milling at 250 rpm for 4 h.
Electrochemical tests were performed using the similar

procedure as described in Example 1.
[0078] Galvanostatic charge/discharge was per-
formed between 4.1 and .1.3 V versus lithium at a current
rate of 7.17 mA/g at 40 °C.
[0079] The initial discharge capacity was 170 mAh/g.

Claims

1. Compound of formula (I): Li(2-x)Na(x)MO(2-y/2)F(1+y)
with 0≤x≤0.2 and -0.6≤y≤0,8 and M is a transition
metal.

2. Compound according to claim 1 whereby x = 0 and/or
y = 0.

3. Compound according to claim 1 whereby x = 0,1
and/or y = 0.

4. Compound of any of the claims 1 to 3 wherein M is
in a trivalent oxidation state.

5. Compound according to claim 4 whereby M is vana-
dium, molybdenum, chromium or tungsten or a mix-
ture thereof.

6. Cathode material comprising a compound according
to any of the claims 1 to 5.

7. Cathode material according to claim 6 comprising
carbon black.

8. Battery and/or lithium cell comprising a compound
according to any of the claims 1 to 5 or a cathode
material according to claim 6 or 7.

9. Battery and/or lithium cell with a specific capacity of
150 - 500 mAh/g and/or a energy density of 300 to
1.200 Wh/kg.

10. Battery or lithium cell according to claim 8 or 9 with
a counter electrode comprising or consisting of lith-
ium.

11. Process for the production of a compound according
to anyone of the claims 1 to 5 including the step of
milling of inorganic precursors.

12. Process according to claim 11 whereby mechanical-
ly milling is used.

13. Use of a compound of any of the claims 1 to 5 as
cathode material.

14. Use of a compound of any of the claims 1 to 5 or a
cathode material of the claims 6 or 7 in battery and/or
lithium cells.
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