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(57) ABSTRACT

The present invention relates to a process for the preparation
of compounds of general formula(1):Li__,M",V, M~ (PO,)
_; wherein M', M?, a, b, ¢ and x have the following meanings:
M': Na, K, Rb and/or Cs, M*: Ti, Zr, Nb, Cr, Mn, Fe, Co, Ni.,
Al, Mg and/or Sc, a: 1.5-4.5, b: 0-0.6, c: 0-1.98 and x: number
to equalize the charge of Li and V and M' and/or M?, if
present, wherein a-b 1s >0, to a compound according to
general formula (1) as defined above, to spherical agglomer-
ates and/or particles comprising at least one compound of

general formula (1) as defined above, to the use of such a
compound for the preparation of a cathode of a lithtum 10n

battery or an electrochemical cell, and to a cathode for a
lithium 10n battery, comprising at least one compound as

defined above.
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PROCESS FOR THE PREPARATION OF
POROUS CRYSTALLINE LITHIUM-,
VANADIUM AND PHOSPHATE-COMPRISING
MATERIALS

[0001] The present invention relates to a process for the
preparation of porous compounds comprising lithium, vana-
dium and phosphate, to a process for the preparation of mix-
tures comprising these compounds and at least one electri-
cally conducting material, to the compounds and the
mixtures, preparable by these processes and the use of these
compounds and mixtures for the preparation of cathodes of
lithium-10n batteries.

[0002] Processes for the preparation of Li1,V, (PO,); are
already known from the prior art.

[0003] U.S. Pat. No. 6,528,033 B1 discloses a method for
making compounds like L1,V ,(PO,), 1n a so-called carbo-
thermal procedure. A mixture of V, O, L1,CO, (NH,),HPO,
and carbon 1s heated to 300° C. to remove ammonia, water
and carbon dioxide, the cooled mixture 1s powderized and
pelletized, and heated 1n an 1nert atmosphere to a temperature
of 850° C. In the carbo-thermal procedure according to this
document carbon is the agent which is reducing V>* to V°*.
[0004] U.S. Pat. No. 3,871,866 discloses a procedure for
the preparation of L1,V ,(PO,), by mixing [.1,CO,, V,O and
(NH,),HPO, 1 methanol and drying this slurry subse-
quently. The powder obtained therefrom 1s calcinated at a
temperature of 875° C. 1 pure hydrogen as the reducing
agent.

[0005] U.S. Pat. No. 5,910,382 discloses a process for the
preparation of L1,V,(PO,); starting from Na,V,(PO,), by
exchanging the sodium-ions with lithium-ions.

[0006] C. Wurm et al., Chem. Mater. 2002, 14, pages 2701
to 2710, disclose LiM_ P,O-, in which M 1s Fe or V which are
prepared by mixing soluble precursor in water, followed by
slow evaporation of water and annealing at temperatures of
300 to 800° C. 1n an atmosphere of nitrogen and hydrogen.

[0007] S.Patouxetal.,J. Power Sources 11910 121 (2003),
pages 278 to 284, disclose pure monoclinic L1,M, (PO, );,
wherein M 1s Fe or V, by imitial homogenization of precursors
in aqueous solution followed by slow evaporation of H,O and
volatile species and further annealing of the resulting solid
under crystallisation. Annealing 1s conducted under an atmo-
sphere of nitrogen and hydrogen.

[0008] The processes for the preparation of L1,V,(PO,),
according to the prior art bear the drawback that an additional
reducing agent has to be added to the reaction mixture or that
the calcination step has to be conducted 1n a reducing atmo-
sphere. Other disadvantages are that 11 solid compounds like
L1,CO; and V,0. are mixed in solid phase, 1t 1s difficult to
obtain a mixture having a homogenous dispersion of the
different 10ns throughout the whole mixture. In addition, the
processes according to the prior art are not appropriate to
prepare the mentioned compounds 1n particles or agglomer-
ates having channels going from the outer surface into the
interior of the particles or agglomerates, allowing an
improved penetration of the agglomerates with the electrolyte
of the battery and therewith allowing an improved mass trans-
port into and out of the particles or agglomerates.

[0009] The object of the present mvention 1s to provide a
process for the preparation of lithtum-vanadium-phosphates
which makes 1t possible to obtain these compounds 1n a very
homogenously mixed and crystalline state. Moreover, 1t 1s an
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object of the present mnvention to provide a process enabling
a decrease of the usually applied high calcination temperature
of 800° C. and more to prepare a monophasic lithium-vana-
drum-phosphate. It 1s a further object to provide a process
leading to a more finely divided material with a narrow size
distribution of the crystallites, which 1n general enables an
improved Li-1on diffusivity 1n the charging and discharging
process of the Li-1on battery. In addition, the power charac-
teristics and additionally the capacity of a Li-ion battery
should be increased by improving the Li-ion diffusivity. In
addition, 1t 1s an object of the present invention to provide a
process for the preparation of the mentioned compounds
which can be conducted easily and with only a few reaction
steps. A Turther object of the present invention 1s to provide a
process for the preparation of lithium-vanadium-phosphates
as agglomerates and/or particles having channels going from
the outer surface to the inside of the agglomerates and/or
particles, i order to make an eflicient mass transport pos-

sible.

[0010] These objects are achieved by a process for the
preparation of compounds of general formula (I)

LizsM'pV5 M7 (POy), (D
[0011] wherein M', M?, a, b, ¢ and x have the following,
meanings:

[0012] M': Na, K, Rb and/or Cs,

[0013] M=:Ti,Zr,Nb, Cr, Mn, Fe, Co, Ni, Al, Mg and/or Sc,
[0014] a: 1.5-4.5,

[0015] b: 0-0.6,

[0016] c:0-1.98 and

[0017] x: number to equalize the charge of Li and V and M

and/or M?, if present,

[0018] wherem a-b>0,
[0019] comprising the following steps
[0020] (A) providing an essentially aqueous mixture com-

prising as substrates at least one lithium-comprising com-
pound, at least one vanadium-comprising compound, 1n
which vanadium has the oxidation state +5 and/or +4 and at
least one M'-comprising compound, if present, and/or at
least one M*-comprising compound, if present, at least one
reducing agent which 1s oxidized to at least one compound
comprising at least one phosphorous atom 1n oxidation
state +5 and optionally at least one compound being able to
generate at least one gaseous compound and/or at least one
precursor of a gaseous compound,

[0021] (B)drying the mixture provided in step (A), in order
to obtain a solid compound and

[0022] (C) calcining the solid compound obtained from
step (B) at a temperature of 300 to 950° C.,

[0023] wherein at least one of the substrates generates at

least one gaseous compound or at least one precursor of a

gaseous compound and the at least one gaseous compound

and/or the gaseous compound generated form the at least one

precursor 1s liberated 1n step (B) and/or (C).

[0024] In a preferred embodiment, M', M, a, b and ¢ have
the following meanings:

[0025] M': Na,
[0026] M*: Fe, Co, Ni, and/or Al,
[0027] a: 2.0-4.0, particularly preferred 2.5-3.5, specifi-

cally preferred 2.75-3.23, for example 2.9-3.1,

[0028] b: 0-0.6, particularly preferred 0-0.4, specifically
preferred 0-0.2, for example 0.03, 1f present 0.01-0.6, par-
ticularly preferred 0.01-0.4, specifically preferred 0.01-0.
2, Tfor example 0.01-0.05, wherein a-b>0,
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[0029] c:0-1.8, particularly preferred O bis 1.0, for example
0-0.5, if present 0.1-1.8, particularly preferred 0.1 bis 1.0,
for example 0.1-0.3.

[0030] x 15 chosen 1n order to equalize the charge of the
compound of general formula (I), depending on the presence,
oxidation state and the amount of L1 and V, and optionally
being present M' and/or M*. x has always a value that,
depending on Liand V, and M" and M?, if present, a neutrally
charged compound of general formula (I) 1s obtained. x can
have values of 1.5 to 4.5.
[0031] For example, in a very preferred embodiment, M*
and M” are absent, and c is 0, which makes x to be 3, in order
to have a neutrally charged compound of general formula (I)
L1,V,(PO,),.
[0032] Inaverypreferred embodiment, the process accord-
ing to the present invention 1s conducted 1n order to obtain the
compound of formula L1,V ,(PO,);.
[0033] In further preferred embodiment, M', being for
example Na, 1s present in an amount of up to 10 mol %, 1n
respect of the sum of Li and M. In another preferred embodi-
ment, M?, being for example Fe, Co, Ni, Al, is present in an
amount of up to 50 mol %, 1n respect of the sum of vanadium
(II1) and M~ present in the compound.
[0034] Theretfore, preferred embodiments of the present
invention are embodiments, in which Li is substituted by M"
in an amount of up to 10 mol % in respect of the sum of the
amounts of L' and M", and vanadium(I11) is substituted with
M? in an amount of up to 50 mol %, in respect of the sum of
the amounts of vanadium(II1) and M~.
[0035] Process steps (A), (B) and (C) are explained in the
following 1n more detail:
[0036] Step (A):
[0037] Step (A) of the process according to the present
invention comprises providing an essentially aqueous mix-
ture comprising as substrates at least one lithium-comprising
compound, at least one vanadium-comprising compound, 1n
which vanadium has the oxidation state +5 and/or +4, and at
least one M -comprising compound, if present, and/or at least
one M”-comprising compound, if present, at least one reduc-
ing agent which 1s oxidized to at least one compound com-
prising at least one phosphorous atom in oxidation state +35
and optionally at least one compound being able to generate
at least one gaseous compound and/or at least one precursor
of a gaseous compound.

[0038] In general, all Li-, M*- and M’-comprising com-

pounds known to a person having ordinary skill in the art

which are able to be incorporated 1n an essentially aqueous
mixture in step (A) of the process can be used 1n the process
according to the present invention.

[0039] In apreferred embodiment the at least one lithium-

comprising compound in step (A) 1s chosen from the group

consisting of lithium hydroxide Li1OH, lithium hydroxide-
hydrate LiOH*H,O, lithium acetate L.1OAc, lithium carbon-

ate L1,CO,, lithtum nitrate LiNO; and mixtures thereof. In a

very preferred embodiment, lithium acetate LiOAc and/or

lithium hydroxide-hydrate L1IOH*H,O and/or lithtum nitrate

L1NOQO; are used as lithtum-comprising compounds in step (A)

ol the process according to the present invention. Particularly

preferred lithium acetate L1OAc or a combination of lithium

acetate L1OAc and lithrum hydroxide-hydrate L1OH*H,O
are used as lithium-comprising compounds in the process
according to the present invention.

[0040] The at least one lithium-comprising compound 1s
added to the mixture 1n step (A) 1n the process according to
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the present invention in a concentration of 1 general 0.04 to
3 mol Li/1, preferably 0.2 to 2.0 mol Li/1, particularly pre-
ferred 0.3 to 1.5 mol L1/1, based on the whole reaction mixture
in each case.

[0041] In general, all vanadium-comprising compounds 1n
which vanadium has the oxidation state +5 and/or +4, known

to a person having ordinary skill in the art can be used 1n the
process according to the present invention which are able to
be incorporated 1n an essentially aqueous mixture 1n step (A)
of the process. According to the present ivention, a single
vanadium-comprising compound in which vanadium has the
oxidation state +35, or a mixture of different vanadium-com-
prising in which vanadium has the oxidation state +5 can be
used. In addition, a single vanadium-comprising compound
in which vanadium has the oxidation state +4, or a mixture of
different vanadium-comprising 1n which vanadium has the
oxidation state +4 can be used. It 1s also possible that a
mixture of different vanadium-comprising compounds can be
used 1n which vanadium has the oxidation states +5 and +4, 1s
used.

[0042] In a preferred embodiment, the vanadium-compris-
ing compound in which vanadium has the oxidation state +5
1s chosen from the group consisting of vanadium(V)-oxide
V,0., ammonium-metavanadate(V) NH,VO,, ammonium-
polyvanadate and mixtures therecof. Ammonium-polyvana-
date 1s a vanadium(V)-oxide, comprising ammonium-cations
in an amount of about 5% by weight. Preferred vanadium-
comprising compounds 1n which vanadium has the oxidation
state +4 are chosen from the group consisting of vanadyl(IV)
sulfate hydrate VOSO,.x H,O, vanadium(IV) oxide VO, and
mixture thereot. x 1n VOSO,.x H,O can have ditfferent mean-
ings depending on the drying state of the compound, for
example x 1s 0, 11 the compound has been dried completely. In
a preferred embodiment of the present application, at least
one vanadium comprising compound 1s used in which vana-
dium has the oxidation state +5.

[0043] In apreferred embodiment of the process according
to the present ivention ammonium metavanadate(V)
NH_VO, 1s used as the vanadium comprising compound. In
this case, NH; can be generated from this compound during
the reaction 1n the process according to the present invention,
and gaseous NH; can be liberated 1n step (B) and/or (C). IT
NH_, VO, 1s used in combination with L1OAc the compound
NH, OAC 1s formed during the reaction in the process accord-
ing to the present invention, and gaseous NH, OAc 1s liberated
in step (B) and/or (C). It NH, VO, 1s used 1n combination with
L1NO, the compound NH,NO, 1s formed during the reaction
in the process, and gaseous NH_ NO, 1s liberated 1n step (B) or
(C).

[0044] The at least one vanadium-comprising compound 1s
added to the mixture in step (A) 1n the process according to
the present invention in a concentration of 1 general 0.04 to

2.0 mol V/1, preferably 0.1 to 1.3 mol V/1, particularly pre-
ferred 0.2 to 1.0 mol V/1, based on the whole reaction mixture

1n each case.

[0045] The at least one M'-comprising compound, if
present, 1s chosen from the group consisting of sodium
hydroxide NaOH, sodium hydroxide-hydrate NaOH*H,O,
sodium acetate NaOAc, sodium carbonate Na,CO,, and mix-
tures thereof. In a very preferred embodiment, sodium acetate
NaOAc together with sodium hydroxide NaOH and/or
sodium hydroxide-hydrate NaOH*H,O are used as sodium-
comprising compounds 1n step (A) of the process according




US 2010/0301281 Al

to the present mvention. The preferred sodium-comprising
compound 1s sodium acetate NaOAc.

[0046] The at least and/or M*-comprising compound, if
present, 1s chosen from compounds having the required cat-
ion and anion chosen from hydroxide, acetate, oxide, carbon-
ate, halide, like fluoride, chloride, bromide, 10dide, and mix-
tures thereod. In a very preferred embodiment, the anion of the
at least one M”-comprising compound is acetate, oxide,
hydroxide, carbonate or mixtures thereof.

[0047] M'-and/or M*-comprising compounds are added to
the essentially aqueous mixture, 1f present, in amounts, in
which they are present in compounds of formula (I). A person
having ordinary skill in the art knows how to calculate the
required amount.

[0048] The process according to the present ivention 1s
preferably conducted by introducing at least one reducing
agent 1nto the mixture 1n step (A) of the process according to
the present invention, which 1s oxidized to at least one com-
pound comprising at least one phosphorous atom in an oxi-
dation state +5 during the process according to the present
invention. The use of at least one reducing agent, which 1s
oxidized to at least one compound comprising at least one
phosphorous atom 1n oxidation state +5 has the advantage that
the oxidation product of this reducing agent gives rise to
PO, -anions, which are needed in order to obtain the PO, -
comprising compound of general formula (I).

[0049] Inapreferred embodiment, the at least one reducing
agent that 1s oxidized to at least one compound comprising at
least one phosphorous atom 1n oxidation state +3, 1s carbon
free. According to the present invention, carbon free means
that no carbon atoms are present 1n the reducing agent. An
advantage of a carbon Iree reducing agent, like H,PO,, 1s that
the reduction can be conducted at low temperatures like 300
or 350° C., whereas carbon as reducing agent makes tempera-
tures necessary of 600° C. and higher. These low tempera-
tures make 1t possible to obtain nano crystalline matenals.
Nano crystalline materials can not be obtained advanta-
geously at high temperatures which are necessary 1f carbon 1s
used as the reducing agent.

[0050] Inapreferred embodiment, the at least one reducing
agent which 1s oxidized to at least one compound comprising
at least one phosphorous atom 1n a oxidation state +5 1is
chosen from the group consisting of H,PO,, (NH,)H,PO,,
(NH,),HPO;, (NH,);PO;, H;PO,, (NH H,PO,, (NH,)
~HPO,, (NH,);PO, and mixtures thereof. In a particularly
preferred embodiment H,PO,, (NH,)H,PO,, (NH,),HPO;,
(NH_,);PO, and mixtures thereof are used.

[0051] The at least one reducing agent which 1s oxidized to
at least one compound comprising at least one phosphorous
atom 1n oxidation state +5 1s added to the mixture in step (A)
in the process according to the present invention 1n a concen-
tration of 1n general 0.04 to 2.0 mol P/1, preferably 0.1 to 1.3
mol P/1, particularly preferred 0.2 to 1.0 mol P/1, based on the
whole reaction mixture in each case.

[0052] According to the present invention a combination of
at least one reducing agent which 1s oxidized to at least one
compound comprising at least one phosphorous atom 1n oxi-
dation state +5 1s added to the reaction mixture 1n step (A) of
the process according to the present invention. The reducing,
agent that 1s used in the process according to the present
invention will preferably be oxidized to PO,>~. Because the at
least one reducing agent which 1s oxidized to at least one
compound comprising at least one phosphorous atom 1n oxi-
dation state +5 1s added to the reaction mixture 1n a preferably
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at least equimolar amount, particularly preferred 1n an
equimolar amount, PO, >~ is obtained as the oxidizing product
in an amount high enough to be the complete amount of anion
of the compound of general formula (I). According to this
embodiment no compound having at least one phosphorous
atom 1n oxidation state +5 has to be added.

[0053] In another preferred embodiment of the present
application the essentially aqueous solution which 1s pro-
vided 1n step (A) additionally comprises at least one com-
pound comprising at least one phosphorous atom 1n oxidation
state +3. In this preferred embodiment of the present inven-
tion a combination of at least one reducing agent which 1s
oxidized to at least one compound comprising at least one
phosphorous atom 1n oxidation state +5 and at least one
compound comprising at least one phosphorous atom 1n oxi-
dation state +35 1s added to the reaction mixture in step (A) of
the process according to the present invention. The reducing
agent that 1s used 1n the process according to the present
invention will preferably be oxidized to PO,’~. In this
embodiment of the process according to the present applica-
tion, PO, that is obtained as the oxidizing product is not
present in an amount high enough to be the complete amount
of anion of the compound of general formula (I). Therefore, 1n
this embodiment, at least one compound having at least one
phosphorous atom 1n oxidation stage +5 has to be added. This
at least one compound comprising at least one phosphorous
atom in oxidation state +5 will be the second source of PO, -
anions, which have to be mcorporated 1nto the compound of
general formula (1).

[0054] Preferred compounds comprising at least one phos-
phorous atom 1n oxidation state +5 which are optionally
added 1n step (A) are chosen from the group consisting of
H,PO,, (NH)H,PO,, (NH,),HPO,, (NH,),PO, and mix-
tures thereof. Particularly preferred are H PO,, (NH,)
H,PO,, (NH,),HPO, and mixtures thereof.

[0055] The at least one compound comprising at least one
phosphorous atom 1n oxidation state +5 1s optionally added to
the mixture in step (A) 1n the process according to the present
invention 1n a concentration of 1n general 0.02 to 1.0 mol P/1,
preferably 0.05 to 0.65 mol P/1, particularly preferred 0.1 to
0.5 mol P/1, based on the whole reaction mixture 1n each case.

[0056] Inafurther preferred embodiment, 1n addition to the
at least one reducing agent which 1s oxidized to at least one
compound comprising at least one phosphorous atom 1n oxi-
dation state +5 and optionally at least one compound com-
prising at least one phosphorous atom 1n oxidation state +5, at
least one additional reducing agent 1s added to the mixture 1n
step (A) ol the process according to the present invention. The
additional reducing agent may also be carbon-iree or may
contain carbon. The at last one additional reducing agent
preferably 1s chosen from hydrazine or dervatives thereof,
hydroxyl amine or derivatives thereof, reducing sugars, like
glucose, saccharose, alcohols like aliphatic alcohols having 1
to 10 carbon atoms like methanol, ethanol, propanols, for
example n-propanol or 1so-propanol, butanols, for example
n-butanol, 1so-butanol, ascorbic acid, compounds comprising
casily oxidisable double bonds, and mixtures thereof.

[0057] Examples of dertvatives of hydrazine are hydrazine-
hydrate, hydrazine-sulfate, hydrazine-dihydrochloride and
others. An example of a dermvative of hydroxylamine 1is
hydroxyl amine-hydrochloride. Particularly preferred car-
bon-iree reducing agents which are not oxidized to at least
one compound comprising at least one phosphorous atom 1n
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oxidation state +5 are hydrazine, hydrazine-hydrate,
hydroxylamine or mixtures thereof.

[0058] The at least one reducing agents which are option-
ally added are by nature not able to deliver PO,>~-anions as
oxidation products which can be incorporated into the com-
pound of general formula (I). Therefore, 11 at least one of
these additional reducing agents 1s used, 1t 1s also necessary to
use these reducing agents 1n combination with at least one
compound comprising which 1s oxidized to at least one com-
pound comprising at least one phosphorous atom 1n oxidation
state +5 and optionally at least one compound comprising at
least one phosphorous compound 1n oxidation state +5. In
these cases the amount and the concentrations of the at least
one compound which 1s oxidized to at least one compound
comprising at least one phosphorous atom 1n oxidation state
+35, optionally at least one compound comprising at least one
phosphorous atom 1n oxidation state +5 and optionally at least
one additionally reducing agent, which are added 1n step (A)
have to be adjusted accordingly. A person having ordinary
skill 1in the art does know how the respective amount has to be
calculated.

[0059] The at least one additional reducing agent 1s option-
ally added to the mixture 1n step (A) in the process according
to the present invention 1 a concentration which depends
strongly on the reducing power and reducing potential of this
agent. A person having ordinary skill in the art does know how
the respective amount has to be calculated.

[0060] If a combination of at least one reducing agent
which 1s oxidized to a compound comprising at least one
phosphorous compound 1n oxidation stage +35, preferably
H,PO,, and at least one compound comprising at least one
phosphorous atom 1n oxidation stage +3, preferably H,PO,,,
1s added 1n step (A) of the process according to the present
invention, this combination 1s preferably added 1n a ratio, for
example, H,PO,/H,PO,, which 1s larger than the ratio that 1s
necessary to obtain the desired compound according to gen-
eral formula (I). A person having ordinary skill in the art does
know how to calculate the stoichiometric amounts of the
components 1 the mixture of step (A) according to the
present invention.

[0061] Ina preferred embodiment, the at least one lithium-
comprising compound, the at least one vanadium-comprising
compound, 1 which vanadium has the oxidation state +3
and/or +4, at least one reducing agent which 1s oxidized to at
least one compound comprising at least one phosphorous
atom 1n oxidation state +5, and optionally at least one com-
pound comprising at least one phosphorous atom 1n oxidation
state +5, are added to the essentially aqueous mixture 1n
amounts that are adjusted in a way that the stoichiometry
according to general formula (I) 1s obtained. A person having
ordinary skill 1in the art does know how to calculate the nec-
essary amounts. In another preferred embodiment of the
present invention, the at least one lithium-comprising com-
pound 1s added 1n an amount that 1s =1% by weight, prefer-
ably =2% higher than the stoichiometric amount according
to general formula (1).

[0062] The mixture which 1s provided in step (A) of the
process according to the present invention is essentially aque-
ous. The wording “essentially” 1n this application has the
meaning that more than 80% by weight, preferably more than
90% by weight, particularly preferably more than 953% by
weight of the solvent, which 1s used to provide the essentially
aqueous mixture 1n step (A) of the process according to the
present invention, 1s water.
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[0063] In addition to water, further solvents that are mis-
cible with water can be present. Examples of these solvents
are aliphatic alcohols having 1 to 10 carbon atoms like metha-
nol, ethanol, propanols, for example n-propanol or 1so-pro-
panol, butanols, for example n-butanol, 1so-butanol. Accord-
ing to the present invention, alcohols can be added as
additional reducing agent and/or as additional solvent.
[0064] In a very preferred embodiment, the solvent that 1s
used 1n step (A) of the process according to the present inven-
tion 1s water without any additional solvents.

[0065] The order, in which the different components are
added to the solvent or mixture of solvents 1n step (A), 1s not
determined. In a preferred embodiment, the M'-comprising
compound 1s added first to the solvent, the vanadium-com-
prising compound, 1n which vanadium has oxidation state +5
and/or +4, 1s added as the second component. The at least one
reducing agent and optionally the at least one compound
having at least one phosphorous atom having the oxidation
state +5, and optionally the at least one additional reducing
agent and optionally at least one compound being able to
generate at least one gaseous compound and/or at least one
precursor of a gaseous compound, are added subsequently.
[0066] In a preferred embodiment of the present invention,
the mixture obtained from step (A) of the process according to
the present mnvention 1s an essentially aqueous solution of at
least one lithtum-comprising compound, at least one vana-
dium-comprising compound, 1n which vanadium has the oxi-
dation state +5 and/or +4, at least one reducing agent which 1s
oxidized to at least one compound comprising at least one
phosphorous atom i1n oxidation state +5 and at least one
compound being able to generate at least one gaseous com-
pound and/or at least one precursor of a gaseous compound.
[0067] Step (A) can be conducted 1n all suitable reactors
that are known to a person skilled in the art. Step (A) can be
conducted continuously or discontinuously.

[0068] The temperature, under which step (A) of the pro-
cess according to the present invention 1s conducted 1s 10 to
120° C., preferably 60 to 100° C., particularly preterably 70
to 95° C. If temperatures higher than 100° C. are used, the
reaction mixture has to be present 1mn a pressure-resistant
reactor, because of the boiling point of water.

[0069] In a preferred embodiment the mixture 1s stirred 1n
step (A) for a time of 0.1 to 24 hours, particularly preferred
0.5 to 18 hours. The pH-Value of the mixtures to the end of

stirring 1s 1n general below pH 11, for example at 2.0 to 9.0.

[0070] Step (A) of the process according to the present
invention can be conducted under an inert atmosphere.
Examples of inert gases are nitrogen, noble gases like helium
or argon. In a preferred embodiment, step (A) 1s conducted
under a nitrogen atmosphere.

[0071] Reduction of most of the V°* to V** and/or V-*
and/or V** to V> is in general conducted in step (A) and/or
step (B) of the process according to the present invention. It 1s
further possible that completion of reduction to V>* occurs in
step (C) of the process according to the present invention. It 1s
possible that reduction immediately starts after addition of
the reducing agent. It 1s further possible that reduction starts
alter the reaction mixture 1s heated to an increased tempera-
ture of 40 to 100° C., preferably 60 to 95° C. In another
preferred embodiment, 11 a combination of two P-comprising,
compounds 1s used as the reducing agent, for example
H,PO.,/H,PO,, the reduction starts, when both components
are added. In a preferred embodiment at least 50%, particu-
larly preferred at least 75% of the V>* and/or V** present in
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the reaction mixture is reduced to V** and/or V>™ in steps (A)
and/or (B) of the process according to the present invention.
[0072] In a further preferred embodiment at least one addi-
tional compound 1s added 1n step (A) ol the process according
to the present invention that 1s gaseous or 1s a precursor of a
gaseous compound that 1s liberated 1n step (B) and/or (C) of
the process according to the present invention. In this embodi-
ment, the gaseous compound which 1s liberated 1n step (B)
and/or (C) of the process 1s a combination of the gaseous
compound derived from at least one of the substrates as men-
tioned above and the gaseous compound that 1s additionally
added or that 1s dertved from an additionally added com-
pound. Examples of compounds that can additionally be
added are all compounds that become gaseous under the
conditions that are present in step (B) and/or (C) of the pro-
cess according to the present ivention.

[0073] Inapreferred embodiment of the process according
to the present invention, at least one additional compound
being able to generate at least one gaseous compound and/or
at least one precursor of a gaseous compound 1s added 1n step
(A). The compound which 1s able to generate at least one
gaseous compound 1s preferably chosen from the group con-
sisting of NH,, preferably 1n aqueous solution, NH ,-salts and
mixtures thereol. In a further preferred embodiment the NH,, -
salt 1s chosen from the group consisting of NH,NO,,
NH_NO,, NH,Cl, NH,-carboxylates like NH,OAc or NH,-
formate and mixtures thereof.

[0074] Further suitable compounds being able to generate
at least one gaseous compound and/or at least one precursor
of a gaseous compound are organic solvents that are miscible
with water and which are gaseous under the conditions of step
(B) and/or (C), like alcohols having 1 to 8 carbon atoms, like
methanol, ethanol, propanols, for example n-propanol, 1so-
propanol, butanols, for example n-butanol, 1so-butanol, poly-
ols, for example diethylenglycol, propylenglycol, 1,4-butan-
diol, and further monomeric, oligomeric or polymeric
organic compounds, like polyacrylates, polyetherols.

[0075] If the optionally additionally added compound
which 1s gaseous under the conditions of step (B) and/or (C)
1s also an alcohol, the total amount of added alcohols 1s
considered for the essentially aqueous mixture as mentioned
above.

[0076] Step (B):

[0077] Step (B) of aprocess according to the present mnven-
tion comprises drying the mixture provided in step (A), in
order to obtain a solid compound.

[0078] In step (B), the mixture obtained from step (A) 1s
converted into a solid compound. The drying of the mixture
provided 1n step (A) of the process according to the present
invention can be conducted with all methods known to a
person having ordinary skill in the art and which are suitable
for the removal of water of an aqueous mixture of the com-
ponents as mentioned above.

[0079] Preferred methods for drying the mixture from step
(A) 1n step (B) are spray-drying, freeze-drying or combina-
tions thereol. According to the present invention, the drying,
in step (B) can be conducted only by spray-dryving, only by
freeze-drying or by a combination of the spray-drying and
freeze-drying, in both orders.

[0080] Spray-drying is preferably conducted by passing the
mixture obtained from step (A) through one or more narrow
nozzles, wherein fine drops are being obtained which are
dried by a stream of hot air or nitrogen. Alternatively the
spraying can be achieved via a rotating disc. In a preferred
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embodiment a stream of hot air or nitrogen 1s used having a
temperature ol 100 to 500° C., particularly preferred 110 to
350° C. Spray-drying 1s normally conducted directly with the
mixture of step (A) without any intermediate steps. Spray-
drying normally gives rise to spherical agglomerates having
an average diameter of <0.5 mm. In order to obtain spherical
agglomerates having a diameter of 10-30 um, 1n a preferred
embodiment of step (B) diluted solutions can be used and
spray-drying of these diluted solutions can be conducted
using high pressure nozzles.

[0081] In a second embodiment, step (B) of the process
according to the present mvention 1s conducted by freeze-
drying. The sprayed mixture 1s therefore sprayed into, for
example liqud nitrogen. The particles obtained therefrom
can be dried 1n vacuum at a low temperature.

[0082] In a preferred embodiment step (B) of the process
according to the present invention 1s conducted under an 1nert
atmosphere. Suitable nert gases are chosen from nitrogen or
noble gases like helium or argon. A preferred inert gas 1s
nitrogen.

[0083] Thedryinginstep (B)i1sconducted in order to obtain
a dry solid. In a preferred embodiment, the solids obtained
show an amorphous structure 1n the X-ray pattern. In a pre-
ferred embodiment, the drying i step (B) of the process
according to the present invention 1s conducted in order to
obtain a solid having an amount of water present in the solid
of less than 40% by weight, preferably less than 35% by
weight, particularly preferably less than 25% by weight.
[0084] Inapreferred embodiment, 1n addition in step (B) of
the process according to the present invention the at least one
gaseous compound generated from at least one substrate and/
or the additionally added gaseous compound are, at least
partially, liberated 1n step (B) of the process. Liberating the at
least one gaseous compound makes it possible to obtain chan-
nels going from the inside of the generated spherical agglom-
erates to the outer surface. This channels are created by the at
least one gaseous compound on their way through the spheri-
cal agglomerate, driven by the increase of volume during
evaporation.

[0085] In processes according to the prior art, water 1s 1n
general used as solvent and this water 1s 1n every case evapo-
rated into gaseous water steam 1n the spray-drying process.
This steam 1n every case will generate certain porosity in the
agglomerates generated 1in the spray-drying process. The spe-
cial target of the process according to the present invention 1s
to increase this certain porosity to sigmificantly higher values.
Therefor substrates being able to decompose to gaseous com-
pounds within the spray-drying process and/or within or cal-
cining process are used. Furthermore, preferably additional
additives are used 1n the aqueous slurry which induce a larger
porosity 1n the resulting agglomerates during the spray-dry-
ing process and/or calcination step by decomposition 1n gas-
cous compounds than the porosity which 1s induced by the
evaporation of the water itself 1n the spray-drying and calci-
nation process.

[0086] Adter step (B) the desired solid 1s present in prefer-
ably spherical particles having a diameter of 3 to 200 um,
preferably 5 to 100 um, very preferably 8 to 50 um.

[0087] Step (C):

[0088] Step (C) of the process according to the present
invention comprises calcining the solid compound obtained
from step (B) at a temperature of 300 to 950° C. Step (C) 1s
preferably conducted at a temperature of 375 to 900° C.,
particularly preferably at a temperature of 400 to 850° C.
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[0089] Calcination 1s preferably conducted under an inert
gas atmosphere. Examples of inert gases are nitrogen or noble
gases like helium and/or argon. In a preferred embodiment,
nitrogen 1s used 1n step (C) of the process according to the
present invention.

[0090] One advantage of the process according to the
present invention 1s that calcination can be conducted under
an 1ert atmosphere and no need exists to conduct step (C)
under a reducing atmosphere according to the prior art. Based
thereon the process according to the present invention can be
conducted 1n a more time and cost saving way. The absence of
a reducing agent, for example hydrogen, avoids the presence
ol explosive gaseous mixtures.

[0091] Step (C) of the process according to the present
invention 1n general 1s conducted for a time 01 0.1 to 5 hours,
preferably 0.5 to 3 hours. In a very preferred embodiment of
step (C), the temperature 1s increased during a period of 0.01
to 2 hours, preferably 0.1 to 1.5 hours, then, the temperature
1s hold for a period of 0.1 to 2 hours, preferably 0.5 to 1.5
hours, and at the end the temperature 1s decreased to room
temperature.

[0092] In a preferred embodiment, the product obtained
from step (C) consists essentially of spherical agglomerates
and/or particles having an average diameter of 3 to 200 um,
preferably 5 to 100 um, very preferred 8 to 50 um.

[0093] Inadditionto step (B) of the process according to the
present mvention 1t 1s further possible that the at least one
gaseous compound generated from at least one substrate and/
or the additionally added gaseous compound are, at least
partially, liberated in step (C) of the process. In another
embodiment of the present invention it 1s possible that chan-
nels that have already been created in step (B) are further
enlarged, or new channels are prepared 1n step (C). In a
preferred embodiment of the present invention channels in
the particles are created in both steps (B) and (C), 1n a very
preferred embodiment mainly 1n step (C).

[0094] The temperature of calcination has a significant
impact onto the specific surface of the compound according to
general formula (I). In general low temperatures during cal-
cination give rise to high specific surface area. High tempera-
tures during calcination give usually rise to low specific sur-
face area. The process according to the present invention
makes 1t possible to obtain high surface areas at high calci-
nation temperatures of 600 to 800° C. The surface area of the
compounds according to the present invention 1s significantly
higher than the surface area of compounds being prepared in
absence of a compound generating a gaseous compound dur-
ing processing. This finding can be explained by the genera-
tion of very porous agglomerate structures with high specific
surface areas at high calcination temperatures.

[0095] The agglomerates and/or particles that are obtained
trom step (C) of the process according to the present invention
have in general a specific BET surface area 0of 0.01 to 50 m*/g,
preferably 0.1 to 30 m*/g.

[0096] Suitable apparatuses for step (C) are known to the
person having ordinary skill in the art, one example 1s a rotary
turnace. The residence time 1n a rotary furnace 1s based on the
inclination and the rotating speed of the furnace. A person
having ordinary skill in the art does know how a suitable
residence time 1s adjusted in the rotary furnace. In a preferred
embodiment the solid that 1s calcinated 1n step (C) of the
process according to the present mvention 1s moved during,
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calcination, for example 1 a flmdized bed reactor or 1n a
rotary furnace. The solid can also be stirred during calcina-
tion.

[0097] Step (C) of the process according to the present
invention 1s 1 general conducted under a pressure that 1s
suitable that preferably complete conversion into the desired
products 1s obtained. In a preferred embodiment step (C) 1s
conducted under a pressure which 1s slightly higher than
atmospheric pressure, 1n order to prevent oxygen penetrating
the reactor from the outside. This slightly increased atmo-
spheric pressure 1s preferably caused by at least one inert gas
that 1s streaming over the solid compound that 1s calcinated in
this step.

[0098] The process according to the present mnvention can
be conducted continuously or discontinuously. In a preferred
embodiment the process according to the present invention 1s
conducted discontinuously.

[0099] In apreferred embodiment of the process according
to the present application, the solid compound obtained from
step (B) or from step (C) 1s milled prior to step (C) and/or after
step (C), 1n order to obtain crystalline agglomerates and/or
particles having the required size. Suitable mills are known to
a person having ordinary skill in the art. Examples are jet
mills, which supply very low abrasion, preferably under the
use of nitrogen and/or air. In general the channels within the
agglomerates or particles are not destroyed 1n this milling
step.

[0100] The present invention further relates to a compound
according to general formula (I) as mentioned above, prepa-
rable by the process according to the present invention. The
compounds according to general formula (I) preparable by
the process according to the present invention show improved
crystallinity compared to compounds prepared by processes
according to the prior art. In addition the size distribution
obtained 1s narrower compared to the prior art. The crystal-
limity of the solids obtained 1s improved and the solids
obtained have an improved dispersion of ingredients.

[0101] Inaddition, the compounds according to the present
invention are obtained 1n spherical agglomerates and/or par-
ticles having channels going from the 1nside of the agglom-
crates and/or particles to the outer surface. The present mnven-
tion therefore further relates to spherical agglomerates and/or
particles comprising at least one compound of general for-
mula (I) as mentioned above and having channels going from
the 1side of the agglomerates and/or particles to the outer
surface. Further characteristic features of these agglomerates
and/or particles are mentioned above.

[0102] Because of this fact the compounds of general for-
mula (I) preparable by the process according to the present
invention are particularly suitable for the use for the prepara-
tion of a cathode of a lithium-1on battery or an electrochemai-
cal cell. Theretfore the present invention also relates to the use
of a compound of general formula (I) preparable by the pro-
cess according to the present invention or a spherical agglom-
erate and/or particle according to the present invention for the
preparation of a cathode of a lithtum-1ion battery or an elec-
trochemaical cell.

[0103] The present invention further relates to a cathode for
a lithrum-ion battery, comprising at least one compound
according to general formula (I) preparable by the process
according to the present invention or a spherical agglomerate
and/or particle according to the present invention. To obtain a
cathode as mentioned above the compound according to gen-
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eral formula (I) 1s mixed with at least one electrically con-
ducting material, described for example 1n WO 2004/082047 .
[0104] Suitable electrically conducting materials are for
example carbon black, graphite, carbon fibres, carbon nanofi-
bres, carbon nanotubes or electrically conducting polymers.
Typically 2.0 to 40% by weight of the at least one electrically
conducting material are used together with the compound
according to general formula (I) 1n the cathode. To obtain the
cathode the electrically conducting material and the com-
pound according to general formula (I) are mixed, optionally
in the presence of an organic solvent and optionally 1n the
presence ol an organic binder, for example polyisobutene,
and this mixture 1s optionally formed and dried. A tempera-
ture of 80 to 150° C. 1s applied 1n the drying step.
[0105] In a preferred embodiment the at least one electri-
cally conducting material 1s added during the preparation of
compounds according to general formula (I) as mentioned
above. In a preferred embodiment, the at least one electrically
conducting material 1s added to the mixture of the starting
maternals 1n the preparation of the compound according to
general formula (1).
[0106] Therefore, the present invention also relates to a
process for the preparation of a mixture comprising at least
one compound according to general formula (I) as defined
above and at least one electrically conducting material com-
prising the following steps
[0107] (D) providing an essentially aqueous mixture com-
prising at least one electrically conducting material, and as
substrates at least one lithium-comprising compound, at
least one vanadium-comprising compound, in which vana-
dium has the oxidation state +5 and/or +4, and at least one
M -comprising compound, if present, and/or at least one
M*-comprising compound, if present, at least one reducing
agent which 1s oxidized to at least one compound compris-
ing at least one phosphorous atom 1n oxidation state +5 and
optionally at least one compound being able to generate at
least one gaseous compound and/or at least one precursor
of a gaseous compound,
[0108] (E)drying the mixture provided in step (D), in order
to obtain a solid compound and
[0109] (F)calcining the solid compound obtained from step
(E) at a temperature of 300 to 950° C.,

[0110] wherein at least one of the substrates generates at
least one gaseous compound and/or at least one precursor of
a gaseous compound and the at least one gaseous compound
and/or the gaseous compound generated from the at least one
precursor of a gaseous compound 1s liberated 1n step (E)
and/or (F).

[0111] Inapreferred embodiment of this process according
to the present invention, the essentially aqueous solution
which 1s provided 1n step (D) additionally comprises at least
one compound comprising at least one phosphorous atom 1n
oxidation state +5.

[0112] The Li-, and optionally M'- and/or M*-comprising
compounds, the vanadium-comprising compounds, the at
least one reducing agent which 1s oxidized to at least one
compound comprising at least one phosphorous atom 1n oxi-
dation state +5, the optionally present at least one compound
comprising at least one phosphorous atom 1n oxidation state
+3, the optional at least one compound being able to generate
at least one gaseous compound and/or at least one precursor
ol a gaseous compound, the electrically conductive materials,
the apparatuses and the process parameters of the steps (D) to
(F) correspond to the ones described above. In addition to the
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at least one reducing agent which 1s oxidized to at least one
compound comprising at least one phosphorous atom 1n oxi-
dation state +5 and the optionally present at least one com-
pound comprising at least one phosphorous atom 1n oxidation
state +5, at least one additional reducing agent can be added
in a preferred embodiment, as mentioned and defined above.
[0113] Inapreferred embodiment the electrically conduct-
ing material 1s chosen from the group consisting of carbon
black, graphite, carbon fibres, carbon nanofibres, carbon
nanotubes, electrically conducting polymers or mixtures
thereof.

[0114] If carbon black, graphite or substances essentially
consisting of carbon are used as electrically conducting mate-
rials in step (D), these materials are preferably suspended 1n a
mixture, preferably an essentially aqueous solution, of the
other components. This can be achieved by direct addition of
these electrically conducting materials to the mixture of the
other components. Alternatively, carbon black, graphite or
substances essentially consisting of carbon can be suspended
in an aqueous solution of hydrogen peroxide, and this sus-
pension can then be added to a solution of one or more
components as mentioned above. Treatment with hydrogen
peroxide normally 1mproves the wettability of carbon with
water and makes 1t possible to obtain carbon containing sus-
pensions having an improved stability, 1.e. having a lower
tendency for demixing. In addition the homogenous disper-
sion of the electrically conducting material in the mixture 1s
improved.

[0115] The process comprising steps (D), (E) and (F) gen-
crates agglomerates and/or particles comprising at least one
compound of general formula (I) as mentioned above and at
least one electrically conductive material having channels
going from the 1nside of the agglomerates and/or particles to
the outer surface.

[0116] Thepresentinvention also relates to amixture, com-
prising at least one compound according to general formula
(I) as defined above and at least one electrically conducting
material, preparable by a process as mentioned above. In
contrast to materials according to the prior art, these mixtures
according to the present invention show an improved disper-
s1on of the at least one electrically conducting material in the
mixture.

[0117] The present invention further relates to a agglomer-

ate and/or particle comprising at least one compound of gen-
eral formula (I) as defined above and at least one electrically
conducting material having channels going from the inside of
the agglomerates and/or particles to the outer surface. Other
characteristics of these agglomerates and/or particles are
mentioned above.

[0118] Therefore, the present invention also relates to the
use of a mixture according to the present imvention or an
agglomerate and/or particle according to the present mnven-
tion for the preparation of a cathode of a lithtum-1on battery or
an electrochemaical cell.

[0119] The present invention also relates to a cathode for a
lithium-10n battery, comprising a mixture according to the
present invention or an agglomerate and/or particle according
to the present invention.

[0120] For the preparation of a cathode using the com-
pound according to general formula (1) as mentioned above or
a mixture comprising the compound according to general
tormula (I) and atleast one electrically conducting material as
mentioned above, 1 a preferred embodiment the following
binders are used:
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[0121] Polyethyleneoxide (PEQO), cellulose, polyethylene,
polypropylene, polytetrafluoroethylene, polyacrylonitrile-

methylmethacrylate, styrene-butadiene-copolymers, tet-
rafluoroethylene-hexyluoropropylene-copolymers, polyvi-
nylidenefluoride-hexatluoropropylene-copolymers (PVdF-

HEP), pertluoroalkyl-vinylether-copolymers,
vinylidenefluoride-chlorotrifluoroethylene-copolymers, eth-
ylene-chlorotluoroethylene-copolymers,  ethylene-acrylic
acid-copolymers (with and without sodium 1ons included),
cthylene-methacrylic acid (with and without sodium 1ons
included), polyimides and polyisobutene.

[0122] The binder 1s normally added 1n an amount of 1 to
10% by weight, preferably 2 to 8% by weight, particularly
preferred 3 to 7% by weight, 1n each case based on the whole
cathode matenal.

[0123] The mixture comprising at least one compound
according to general formula (I) and at least one electrically
conducting material have preferably a BET surface area 01 0.5
to 50 m°/g.

FIGURES

[0124] FIG. 1 shows X-ray powder diffraction pattern of
the spray-dried powder. The sample 1s X-ray amorphous.
[0125] FIG. 2 shows X-ray powder diffraction pattern of
monophasic L1,V,(PO,), (isostructural with Li,Fe,(PO,);,
BET=11.0 m*/g) prepared by calcination of the amorphous,
spray-dried powder (FIG. 1) at 400° C. under nitrogen.
[0126] FIG. 3 shows a SEM picture of the surface of an
agglomerate with a diameter of about 30 microns prepared by
calcination at 700° C.

[0127] The present mvention 1s further illustrated by the
following examples:

EXAMPLES

Example 1

[0128] L1,V,(PO,); 1from L[1OH*H,O, LiCH,COO,
NH_,VO,, H,PO,, H PO4(“st01ch10metnc”)
[0129] (NH,VO, is reduced by H,PO, to V°*, H,PO, is

oxidized to PO,>~ and water, gaseous NZH4OAC 1S generated
by NH,* and OAc™ ions)

LiOH*H,0+2LiOAc+2NH, VO, +2H,PO,+

[0130] 6 1 water are placed 1n a 10-1-glass reactor which 1s
heatable from the outside at 90° C. under streaming N, (50
NL/h). The streaming N,-cover 1s maintained during the fur-
ther reaction. Under stirring 87.48 g LIOH*H,, O (57.49% per
weight L1OH, 2.1 mol L1, Chemetall GmbH, D 60487 Frank-

turt, Germany) and 279.92 g LiCH,COO (99%, 4.2 mol L,
Chempur, D-76204 Karlsruhe, Germany) are dissolved 1n
these 6 1 water which are heated to 90° C. to give a clear
solution. 468.15 g NH, VO, (99.95%, 4 mol V, H.C. Starck,
D-38615-Gosslar, Germany) are dissolved 1n this solution to
give a clear, lightly yellow aqueous solution. 334.69 ¢ H,PO,
(98%, 4 mol P, Acros Organics, B-2440 Geel, Belgium) are
dissolved therein, whereas a clear, orange-coloured solution
1s obtained. 230.58 g H,PO,, (85%, 2 mol P, Riedel-de-Haen,
D-30926 Seelze, Germany) are added. A dark blue-black
coloured, aqueous mixture having no visible solids 1is
obtained. This aqueous mixture 1s stirred under maintaining
the streaming N,-cover for 16 hours at 90° C. The solution 1s
subsequently spray-dried in a spray-dryer (type Minor MM,
Niro, Denmark) under nitrogen (inlet temperature=330° C.,
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outlet temperature=106° C.). The dark-grey spray-powder
obtained thereifrom shows an amorphous structure in the
X-ray powder diffraction pattern (FIG. 1).

[0131] 350 g of the so-obtained spray powder are heated
during one hour to an end temperature T 1n a continuously
rotating (7 rpm) 1-l-spherical quartz glass in a laboratory
rotary furnace (BASF), held at this temperature T for one hour
and 1s subsequently cooled under streaming N, to room tem-
perature.

Example 1.1

[0132] The end temperature T of 600° C. gives a powder
having a BET-surface area of 15.2 m®/g and a X-ray powder
diffraction pattern showing the monophasic structure of
Li,Fe, (PO, );, being 1sostructural with L1,V , (PO, )5 (FIG. 2).
The powder shows a spherical habitus 1n scanning electron
microscopy (SEM) having an average spherical size of about
30 um. The surface of the sphericals shows small porous
channels going into the interior of the sphericals.

Example 1.2

[0133] Endtemperature’l of 700° C. gives a powder having
a BET-surface area of 11.0 m*/g and a X-ray powder diffrac-
tion pattern showing the monophasic structure of LisFe,
(PO,),, being 1sostructural with L1,V,(PO,),. The powder
shows a spherical habitus 1n scanning electron microscopy
having an average spherical size of about 30 um. The surface
of the sphericals shows small porous channels going into the
interior of the sphericals (FIG. 3).

Comparison Example 1

[0134] [1,V,(PO,), from Li1OH*H,O, V,O. H,PO,,
H, PO, (*stoichiometric™)
[0135] (V.0 is reduced by H,PO, to V>*, H,PO, is oxi-
dized to PO,>~ and water)

3LiIOH*H,0+V,05+2H;PO,+H;3PO,—Li,V,(PO,) 3+
OH,0

[0136] In a 10-l-glass-reactor which 1s heatable from the
outside, 6 1 water are placed at 80° C. under streaming N, (50
NL/h). The streaming N,-cover 1s maintained during the fur-
ther process. Under stirring 262.45 ¢ L1IOH*H,O (57.49%
[L1OH, 6.3 mol Li, Chemetall GmbH, D- 60487 Frankifurt,
Germany) are added and dissolved to give a clear, colourless
solution. 363.76 gV,0. (99.97%, 2 Mol V,,O., GIE Umwelt-
technik GmbH, D-90431 Niirnberg, Germany) are added.
After dlssolutlon of the V,O; a clear, yellow-coloured solu-
tion 1s obtained. 334.69 g H PO3 (98%, 4 mol P, Acros Organ-
ics, B-2440 Geel, Belgium) are added to this solution during
0.5 minutes. A clear,, orange-coloured solution 1s obtained.
230.58 ¢ H,PO,, (85%, 2 Mol P, Fa. Riedel-de-Haen, D-30926
Seelze) are added. A dark blue-black coloured aqueous mix-
ture 1s obtained, having no visible solids. The aqueous mix-
ture obtained is stirred for 16 hours at 90° C. under streaming
nitrogen. The solution 1s subsequently spray-dried under
nitrogen 1n a spray-dryer (type Minor MM, Fa. Niro, Dan-
mark) (temperature at the inlet =330° C., temperature at the
outlet=106° C.). A dark-grey spray-powder obtained there-
from shows an amorphous structure in the X-ray powder
diffraction pattern.

[0137] 350 g of the obtained spray powder are subsequently
added to a continuously rotating (7 rpm) 1 1-crystal ball under
streaming nitrogen (15 NL/h) 1n a laboratory rotary furnace
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(BASF) and heated in one hour to an end temperature T, 1s
hold at this temperature T for one hour and 1s subsequently
cooled to room temperature under streaming IN.,.

Comparison Example 1.1

[0138] The end temperature T of 600° C. gives rise to a
powder having a BET-surface of 0.5 m*/g and a X-ray powder
diffraction pattern, showing essentially the monophasic
structure of LisFe, (PO, ), being 1so-structural with the prod-
uct L1,V,(PO,),. Scanning electron microscopy shows that
the powder has a spherical habitus having a medium spherical
s1ze of about 30 um.

Comparison Example 1.2

[0139] The end temperature T of 700° C. gives rise to a
powder having a BET-surface of 0.2 m*/g and a X-ray powder
diffraction pattern, showing essentially the monophasic
structure of Li,Fe,(PO,), being 1so-structural with the prod-
uct L1,V,(PO,),. Scanning electron microscopy shows that
the powder has a spherical habitus having a medium spherical
s1ze of about 30 um.

Example 2

[0140] Li1,V,(PO,), from LL1ICH,COO, NH,VO,, H,PO,,
H,PO,, NH; (*stoichiometric™)

[0141] (NH,VO, is reduced to V>*, H,PO, is oxidized to
H,PO,; NH,OAc 1s generated from NH4 : CH COO™ and
NH;; addltlonal excess of NH, applied)

3LIOAC+2NH, VO, +2H, PO, +H,PO,+NH,—Li,V,
(PO, )3+3NH,OAc+4H,0

[0142] 6 1 water are placed 1n a 10-1-glass reactor which 1s
heatable from the outside at 90° C. under streaming N, (50
NL/h). The streaming N,-cover 1s maintained during the fur-
ther reaction. Under stirring 415.74 ¢ L1CH,COO (99%, 6.3
mol Li, Chempur, D-76204 Karlsruhe, Germany) are dis-
solved 1n these 6 1 water which are heated to 90° C. to give a
clear solution. 468.15 g NH,VO, (99.95%, 4 mol V, H.C.
Starck, D-386135-Gosslar, Germany) are dissolved in this

solution to give a clear, lightly yellow aqueous solution. 334.

69 ¢ H,PO, (98%, 4 mol P, Acros Organics, B-2440 Geel,
Belgium) are dissolved therein, whereas a clear, orange-co-
loured solution 1s obtained. 230.58 g H,PO, (85%, 2 mol P,
Riedel-de-Haen, D-30926 Seelze, Germany) and 156.4 g of
an aqueous NH;-solution (25%, 2.3 mol NH,;, Bernd Kraft,
D-47167 Duisburg, Germany) are added. A dark blue-black
coloured, aqueous mixture having no visible solids 1s
obtained. This aqueous mixture 1s stirred under maintaining
the streaming N,-cover for 16 hours at 90° C. The solution 1s
subsequently spray-dried in a spray-dryer (type Minor MM,
Niro, Denmark) under nitrogen (inlet temperature=330° C.,
outlet temperature=106° C.). The dark-grey spray-powder
obtained therefrom shows an X-ray amorphous structure in
the X-ray powder diffraction pattern.

[0143] 350 g of the so-obtained spray-powder are heated
during one hour to an end temperature T 1n a continuously
rotating (7 rpm) 1-l-spherical quartz glass 1n a laboratory
rotary furnace (BASF), held at this temperature T for one hour
and 1s subsequently cooled under streaming N, to room tem-

perature.

Example 2.1

[0144] The end temperature T of 600° C. gives a powder
having a BET-surface area of 16.7 m~/g and a X-ray powder
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diffraction pattern showing the monophasic structure of
Li,Fe,(PO.,);, being 1sostructural with Li1,V,(PO,),. The
powder shows a spherical habitus in scanning electron
microscopy having an average spherical size of about 30 um.
The surface of the sphericals shows small porous channels
going 1nto the interior of the sphericals.

Example 2.2

[0145] EndtemperatureT of 700° C. gives a powder having
a BET-surface area of 13.2 m”/g and a X-ray powder diffrac-
tion pattern showing the monophasic structure of Li,Fe,
(PO, ),, being 1sostructural with L1, V,(PO,);. The powder
shows a spherical habitus in scanning electron microscopy
having an average spherical size of about 30 um. The surface
of the sphericals shows small porous channels going into the
interior of the sphericals.

Example 3

[0146] L1,V,(PO,), from Li10OAc, NH,VO,, N,H,*H,O,
H,PO,, H,PO,, NH,
[0147] {formal:

ONH,VO,+0.5N,H,*H,0=2*NH, VO, s”+0.5N,+

3H,0

3LIOAC+2*NH,VO, o +1H;PO+2H,PO+
NH,=—Li,V,(PO,)3+3NH,0Ac+4H,0

[0148] In a 10 I-glass-reactor which 1s heatable from the
outside, 6 1 water are placed at 80° C. under streaming N2 (50

NL/h). The streaming N2-cover 1s maintained during the
turther process. Under stirring 415.74 g LiCH3COO (99%,

6.3 mol L1, Chempur, D-76204 Karlsruhe, Germany) are
added and dissolved to give a clear, colourless solution. 468.
15 g NH4VO3 (99.95%, 4 mol V, H.C. Starck, D-38615-
Gosslar, Germany) are dissolved in this solution to give a
clear, lightly vellow aqueous solution. 55.07 g N2H4*H20
(99.95%, 1.1 mol N2H4, Merck, D-64295 Darmstadt, Ger-
many) are added to this solution during 15 minutes. There-
upon 167.34 g H3PO3 (98%, 2 mol P, Acros Organics,
B-2440 Geel, Belgium) are added to this solution during 0.5
minutes. 461.16 g H3PO4 (85%, 4 Mol P, Fa. Riedel-de-
Haen, D-30926 Seelze, Germany) and 136.0 g of an aqueous
NH3-solution (25%, 2.0 mol NH,, Bernd Kraft, D-47167
Duisburg, Germany) are added. A dark blue-black coloured
aqueous mixture 1s obtained, having no visible solids. The
aqueous mixture obtained 1s stirred for 16 hours at 90° C.
under streaming nitrogen. The solution 1s subsequently spray-
dried under nitrogen 1n a spray-dryer (type Minor MM, Fa.
Niro, Danmark) (temperature at the inlet=330° C., tempera-
ture at the outlet =106° C.). A dark-grey spray powder
obtained therefrom shows an amorphous structure in the
X-ray powder diffraction pattern.

[0149] 350 g of the obtained spray powder are subsequently
added to a continuously rotating (7 rpm) 1 1-crystal ball under
streaming nitrogen (15 NL/h) 1n a laboratory rotary furnace
(BASF) and heated 1n one hour to an end temperature T, 1s
hold at this temperature T for one hour and 1s subsequently
cooled to room temperature under streaming N,.

[0150] The end temperature T of 700° C. gives rise to a
powder having a BET-surface of 13.4 m®/g and a X-ray pow-
der diffraction pattern, showing essentially the monophasic
structure of L1 Fe, (PO, ), being 1so-structural with the prod-
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uct L1,V,(PO,);. Scanning electron microscopy shows that
the powder has a spherical habitus having a medium spherical
s1ze of about 30 um.

Example 4

[0151] L[1,V,(PO,), from L1OAc,NH,VO,,C.H,,O (glu-
cose), H,PO;, H,PO,, NH,
[0152] {formal:

2NH, VO;+CsH 504(glucose)—=>2“NH, VO, 5"+
“oxidized glucose”

3LIOAC+2*NH,VO, o +1HPO;+2H,PO .+
NH,=—Li,V,(PO,)s+3NH,0Ac+4H,0

[0153] In a 10 l-glass-reactor which 1s heatable from the

outside, 6 1 water are placed at 80° C. under streaming N, (50
NL/h). The streaming N,-cover 1s maintained during the tur-
ther process. Under stirring 415.74 g LiCH,COO (99%, 6.3
mol L1, Chempur, D-76204 Karlsruhe, Germany) are added
and dissolved to give a clear, colourless solution. 468.15 g
NH_ VO, (99.95%, 4 mol V, H.C. Starck, D-38615-Gosslar,
Germany ) are dissolved 1n this solution to give a clear, lightly
yellow aqueous solution. 217.99 g C.H,,O, (Glucose,
99.9%, 1.1 mol C.H,,O,, Carl Roth GmbH & Co., 76185
Karlsruhe, Germany) are added to this solution during 15
minutes. Thereupon 167.34 g H,PO, (98%, 2 mol P, Acros
Organics, B-2440 Geel, Belgium) are added to this solution
during 0.5 minutes. 461.16 g H,PO, (85%, 4 Mol P, Fa.
Riedel-de-Haen, D-30926 Seelze, Germany) and 136.0 g of
an aqueous NH;-solution (25%, 2.0 mol NH,;, Bernd Kraft,
D-47167 Duisburg, Germany) are added. A dark blue-black
coloured aqueous mixture 1s obtained, having no visible sol-
1ids. The aqueous mixture obtained 1s stirred for 16 hours at
90° C. under streaming mitrogen. The solution 1s subsequently
spray-dried under nitrogen 1n a spray-dryer (type Minor MM,
Fa. Niro, Danmark) (temperature at the inlet=330° C., tem-
perature at the outlet =106° C.). A dark-grey spray powder
obtained therefrom shows an amorphous structure in the
XRD-powder diagram.

[0154] 30 g of the obtained spray powder are subsequently
added to a continuously rotating (7 rpm) 1 1-crystal ball under
streaming nitrogen (15 NL/h) 1n a laboratory rotary furnace
(BASF) and heated in one hour to an end temperature T, 1s
hold at this temperature T for one hour and 1s subsequently
cooled to room temperature under streaming IN.,.

[0155] The end temperature T of 700° C. gives rise to a
powder having a BET-surface of 13.8 m*/g and a X-ray pow-
der diffraction pattern, showing essentially the monophasic
structure of LisFe, (PO, ), being 1so-structural with the prod-
uct L1,V,(PO,),. Scanning electron microscopy shows that
the powder has a spherical habitus having a medium spherical
s1ze of about 30 um.

Example 5

[0156] Li,V.(PO,), from LiOH*H,0, LiCH,COO,

NH,VO;, H;PO;

LiOH* H,0+2LiOAc+2NH,VO,+3H;PO,—>1i,V,
(PO,)5+2NH,OAc

[0157]

LiOH*H,0+2LiOAc+2NH,VO;+3H,PO,—Li,V,
(PO, )3+2NH,OAc+5H,0+H,

[0158] 6 1 water are placed 1n a 10-1-glass reactor which 1s
heatable from the outside at 85° C. under streaming N, (50

A possible reaction pathway could be:
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NL/h). The streaming N,-cover 1s maintained during the fur-
ther reaction. Under stirring 87.48 g LIOH*H,, O (57.49% per

weight L1OH, 2.1 mol L1, Chemetall GmbH, D 60487 Frank-
turt, Germany) and 279.92 g L1ICH,COO (99%, 4.2 mol L1,
Chempur, D-76204 Karlsruhe, Germany) are dissolved 1n
these 6 1 water which are heated to 85° C. to give a clear
solution. 468.15 ¢ NH, VO, (99.95%, 4 mol V, H.C. Starck,
D-38615-Gosslar, Germany) are dissolved 1n this solution to
give a clear, lightly yellow aqueous solution. 502.04 g H,PO,
(98%, 6 mol P, Acros Organics, B-2440 Geel, Belgium) are
dissolved therein. A dark green-black coloured, aqueous mix-
ture having no visible solids 1s obtained. This aqueous mix-
ture 1s stirred under maintaining the streaming N,-cover for 4
hours at 90° C. The solution 1s subsequently spray-dried 1n a
spray-dryer (type Minor MM, Niro, Denmark) under nitrogen
(1nlet temperature=330° C., outlet temperature=106° C.).
[0159] 350 g of the so-obtained spray powder are heated
during one hour to an end temperature T 1n a continuously
rotating (7 rpm) 1-1-spherical quartz glass in a laboratory
rotary furnace (BASF), held at this temperature T for one hour
and 1s subsequently cooled under streaming N, to room tem-
perature.

Example 5.1

[0160] The end temperature T of 500° C. gives a powder
having a BET-surface area of 6.0 m*/g and a X-ray powder
diffraction pattern showing the X-ray amorphous structure as
shown in FIG. 1. The powder shows a spherical habitus 1n
scanning electron microscopy (SEM) having an average
spherical size of about 30 um. The surface of the sphericals

shows small porous channels going into the interior of the
sphericals.

Example 5.2

[0161] The end temperature T of 600° C. gives a powder
having a BET-surface area of 4.0 m*/g and a X-ray powder
diffraction pattern showing the monophasic structure of
Li,Fe,(PO.,);, being 1sostructural with Li1,V,(PO,),. The
powder shows a spherical habitus 1n scanning electron
microscopy (SEM) having an average spherical size of about
30 um. The surface of the sphericals shows small porous
channels going into the interior of the sphericals.

Example 5.3

[0162] Endtemperaturel of 700° C. gives a powder having
a BET-surface area of 1.0 m*/g and a X-ray powder diffrac-
tion pattern showing the monophasic structure of LisFe,
(PO, ),, being 1sostructural with L1,V,(PO,);. The powder
shows a spherical habitus in scanning electron microscopy
having an average spherical size of about 30 um. The surface
of the sphericals shows small porous channels going into the
interior of the sphericals (like FIG. 3).

Example 5.4

[0163] Endtemperaturel of 750° C. gives apowder having
a BET-surface area of 0.5 m*/g and a X-ray powder diffrac-
tion pattern showing the monophasic structure of LisFe,
(PO,),, being 1sostructural with L1,V,(PO,),;. The powder
shows a spherical habitus in scanning electron microscopy
having an average spherical size of about 30 um. The surface
of the sphericals shows small porous channels going into the
interior of the sphericals (like FIG. 3).
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1. A process for the preparation of compounds of general
formula (1)

Li,_,M lE:-VE -EMEC(PO::JI (I)

wherein M"', M, a, b, ¢ and x have the following meanings:

M*: Na, K, Rh and/or Cs,

M*: Ti, Zr, Nb, Cr, Mn, Fe, Co, Ni, Al, Mg and/or Sc,

a: 1.5-4.5,

b: 0-0.6,

c: 0-1.98 and

x: number to equalize the charge of Liand V and M' and/or

M?, if present,

wherein a-b 1s >0,

said process comprising

(A) providing an essentially aqueous mixture comprising

as substrates at least one lithium-containing compound,
at least one vanadium-containing compound in which
vanadium has the oxidation state +5 and/or +4, and at
least one M "-containing compound, if present, and/or at
least one M*-containing compound, if present, at least
one reducing agent which 1s oxidized to at least one
compound comprising at least one phosphorous atom 1n
oxidation state +5 and optionally at least one compound
being able to generate at least one gaseous compound
and/or at least one precursor of a gaseous compound,

(B) drying the mixture provided in (A), 1n order to obtain a

solid compound and
(C) calcining the solid compound obtained from (B) at a
temperature of 300 to 950° C.,

wherein at least one of the substrates generates at least one
gaseous compound and/or at least one precursor of a
gaseous compound and the at least one gaseous com-
pound and/or the gaseous compound generated from the
at least one precursor of a gaseous compound 1s liberated
in (B) and/or (C).

2. The process according to claim 1, wherein the essentially
aqueous solution which 1s provided 1n (A) additionally com-
prises at least one compound comprising at least one phos-
phorous atom 1n oxidation state +3.

3. The process according to claim 1, wherein the compound
which 1s able to generate at least one gaseous compound 1s
chosen from the group consisting of NH,, NH_-SaltS and
mixtures thereol.

4. The process according to claim 3, wherein the NH,,-salts
are chosen from the group consisting of NH,NO,, NH,NO,,
NH,CI, NH, OAc, NH -formate and mixtures thereof.

5. The process according to claim 1, wherein the at least
one reducing agent which 1s oxidized to at least one com-
pound comprising at least one phosphorous atom 1n oxidation
state +35 1s chosen from the group consisting of H,PO,, (NH,)
H,PO,, (NH,),HPO,, (NH_,),PO;, H,PO,, (NH_,H,PO.,,
(NH,),-HPO,, (NH,),PO, and mixtures thereof.

6. The process according to claim 2, wherein the at least
one compound comprising at least one phosphorous atom 1n
oxidation state +5 which 1s added 1n (A) 1s chosen from the
group consisting of H,PO,, (NH,)H,PO,, (NH,),HPO.,
(NH,),PO, and mixtures thereof.

7. A compound according to general formula (I)

Li, M lzx-Vz —EMEC(PO-éI)x ()

wherein M', M?, a, b, ¢ and x have the following meanings:
M': Na, K, Rb and/or Cs,

M?: Ti, Zr, Nb, Cr, Mn, Fe, Co, Ni, Al, Mg and/or Sc,

a: 1.5-4.5,

b: 0-0.6,

11
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c: 0-1.98 and

x: number to equalize the charge of Li and V and M* and/or
M=, if present,

wherein a-b 1s >0,

obtained by a process according to claim 1.

8. A spherical agglomerate and/or particle comprising at
least one compound of general formula (I) as defined 1n claim
7 having channels going from the inside of the agglomerate
and/or particle to the outer surface.

9. A method of using a compound according to claim 7 for
the preparation of a cathode of a lithtum-ion battery or an
electrochemaical cell.

10. A cathode for a lithium-10n battery, comprising at least
one compound according to claim 7.

11. A process for the preparation of a mixture comprising at
least one compound according to general formula (1)

Li, sM'pV5 M (PO )x (1)

wherein M', M?, a, b, c and x have the following meanings:
M*': Na, K, Rb and/or Cs,

M?*: Ti, Zr, Nb, Cr, Mn, Fe, Co, Ni, Al, Mg and/or Sc,

a: 1.5-4.5,

b: 0-0.6,

c: 0-1.98 and

x: number to equalize the charge of Li and V and M" and/or
M?, if present,

wherein a-b 1s >0,

and at least one electrically conducting material, said pro-
Cess comprising

(D) providing an essentially aqueous mixture comprising
at least one electrically conducting material, and as sub-
strates at least one lithium-containing compound, at
least one vanadium-containing compound in which
vanadium has the oxidation state +5 and/or +4, and at
least one M "-containing compound, if present, and/or at
least one M*-containing compound, if present, at least
one reducing agent which 1s oxidized to at least one
compound comprising at least one phosphorous atom 1n
oxidation state +5 and optionally at least one compound

being able to generate at least one gaseous compound
and/or at least one precursor of a gaseous compound,

(E) drying the mixture provided in (D), 1n order to obtain a
solid compound and

(F) calciming the solid compound obtained from (E) at a
temperature of 300 to 950° C.,

wherein at least one of the substrates generates at least one
gaseous compound and/or at least one precursor of a
gaseous compound and the at least one gaseous com-
pound and/or the gaseous compound generated from the
at least one precursor of a gaseous compound 1s liberated
in (E) and/or (F).

12. The process according to claims 11, wherein the essen-
tially aqueous solution which 1s provided 1n (D) additionally
comprises at least one compound comprising at least one
phosphorous atom 1n oxidation state +5.

13. The process according to claim 11, wherein the at least
one reducing agent which 1s oxidized to at least one com-
pound comprising at least one phosphorous atom 1n oxidation
state +35 1s chosen from the group consisting of H,PO,, (NH,)
H,PO;, (NH,),HPO,, (NH,);PO;, H;PO,, (NH,)H,PO,,
(NH,),HPO,, (NH,),PO, and mixtures thereof.

14. The process according to claim 11, wherein the elec-
trically conducting material 1s chosen from the group consist-




US 2010/0301281 Al

ing of carbon black, graphite, carbon fibres, carbon nanofi-
bres, carbon nanotubes, electrically conducting polymers and
mixtures thereol.

15. A mixture, comprising at least one compound accord-

ing to general formula (I)
Li, sM'3V5 M (PO, )x (1)

wherein M', M?, a, b, ¢ and x have the following meanings:

M': Na, K, Rb and/or Cs,

M=: Ti, Zr, Nb, Cr, Mn, Fe, Co, Ni, Al, Mg and/or Sc,

a: 1.5-4.5,

b: 0-0.6,

c: 0-1.98 and

x: number to equalize the charge of Liand V and M and/or
M=, if present,
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wherein a-b 1s >0,
and at least one electrically conducting material, obtained
by a process according to claim 11.

16. A spherical agglomerate and/or particle comprising at
least one compound of general formula (I) as defined 1n claim
7 and at least one electrically conducting material having
channels going from the inside of the agglomerate to the outer
surface.

17. A method of using a mixture according to claim 15 for
the preparation of a cathode of a lithtum 1on battery or an
electrochemuical cell.

18. A cathode for a lithtum-1on battery, comprising a mix-
ture according to claim 15.

e e e e e
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