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(57) Abstract: The present invention relates to a process for the preparation of compounds of general formula (I) Li.oM'Fer
M2PLM?O, wherein Fe has the oxidation state +2 and M!, M*, M?, a, b, c, d, € and x are: M' : Na, K, Rb and/or Cs, M%: Mn,
Mg, Al, Ca, Ti, Co, Ni, Cr, V, M*: Si, S, Fa: 0.8-1.9,b: 0-0.3,c: 0-0.9,d: 0.8-1.9,e: 0-0.5,x: 1.0 - 8, depending on the
amount and oxidation state of Li, M!, M?, P, M?, wherein compounds of general formula (I) are neutrally charged, comprising the
following steps (A) providing a mixture comprising at least one lithium-comprising compound, at least one iron-comprising com-
pound, in which iron has the oxidation state 0, and at least one M'-comprising compound, if present, and/or at least one M*-com-
prising compound, if present, and/or least one M*-comprising compound, if present, and at least one compound comprising at
least one phosphorous atom in oxidation state +5, and (B) heating the mixture obtained in step (A) at a temperature of 100 to 500
°C and at an autogeneous pressure to obtain a compound of general formula (I).
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Synthesis of lithium-iron-phosphates

Description

The present invention relates to a process for the preparation of compounds compris-
ing lithium, iron and phosphate-anions, to a process for the preparation of mixtures
comprising these compounds and at least one electrically 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 ion batteries.

Processes for the preparation of LiFePO, are already known from the prior art.

US 2003/0082454 A1 discloses a method for preparing LiFePO,4 by mixing Li,COj3 or
LiOH H,0, Fe(CH3CO,), and NH4H,PO,4 H,O. The solid mixture is calcinated at 300 to
350 °C, in order to eliminate NH3;, H,O and CO,. The mixture is subsequently further
processed under argon for 24 hours at 800 °C. This document further mentions the
method of preparing LiFePO, based material by calcination of a milled mixture compris-
ing LioC,04, LiH,PO,4 and Fe(C,04) - 2 H,0.

US 6,702,961 B2 also discloses a method for the preparation of LiFePO,4 by pelletising
a milled mixture consisting of FePO,, Li,CO; and carbon, followed by calcination at
700 °C for 8 hours in an inert atmosphere.

The abstract of CN 1547273 A discloses a method for the preparation of LiFePO,4 by
calcination of a milled and subsequently tablettized mixture of Li,CO;, FeC,O4 - 2 H,0O
and (NH4),HPO, with the addition of carbon under microwave radiation.

DE 10 2005 015613 A1 and DE 10 2005 012 640 A1 disclose that LiFePO,4 can be ob-
tained by hydrothermal treatment of an aqueous mixture comprising Fe(I1)SO, -7 H,0,
H3:PO,4 and LiOH H,O under nitrogen at 160 °C for 10 hours. During said hydrothermal
treatment the desired LiFePO, precipitates from the aqueous mixture. No component
of the reaction mixture is reduced or oxidized.

WO 2006/057146 A2 discloses that LiFePO, can be obtained by melting a mixture
comprising Fe(I)O, P,0s and LiOH at 1100 °C under argon, followed by milling.

The processes for the preparation of LiFePO, according to the prior art bear the draw-
back that an additional reducing agent like carbon has to be added to the reaction mix-
ture or that the calcination step has to be conducted in a reducing atmosphere. Be-
cause the added carbon acts as a reducing agent only at high reaction temperatures,
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high calcination temperatures are necessary which lead to a material with large crystal
grains and with a broad particle size distribution.

Other disadvantages are that if solid compounds like Li,CO3; and Fe,O; are mixed in
solid phase, it is difficult to obtain a mixture having a homogenous dispersion of the
different ions throughout the whole mixture. In addition, carbon containing reducing
agents show the disadvantage that their reducing power is not independent from the
amount in which they are used, and therefore it is not easy to foresee which amount of
carbon containing reducing agent is needed for the reduction and which amount can be
used as electrically conducting material.

The object of the present invention is to provide a process for the preparation of lith-
ium-iron-phosphate which makes it possible to obtain these compounds in a very ho-
mogenously mixed and crystalline state. In addition, it is an object of the present inven-
tion to provide a process for the preparation of the mentioned compounds which can be
conducted easily and in only two reaction steps. Moreover, it is a preferred object of the
present invention to provide a process for the preparation of lithium-iron-phosphate, in
which no calcination step is necessary at all. It is another object to provide a process in
which only the desired compound is obtained without any disturbing side products mak-
ing any purification and/or washing steps unnecessary. It is a further object to obtain a
more finely dispersed material with a very narrow size distribution of the crystallites,
supplying improved Li-ion diffusivity in the charging and discharging of a Li-ion battery,
in order to improve the Li-ion diffusivity and therewith the power characteristics and
additionally to increase the capacity of a Li-ion battery.

These objects are achieved by a process for the preparation of compounds of general
formula (l)

I—ia-bM1bFe1-cM20Pd-eM3er (I)s
wherein Fe has the oxidation state +2 and M', M?, M?, a, b, ¢, d, e and x are:

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

M?  Mn, Mg, Al, Ca, Ti, Co, Ni, Cr, V,
M Si,S,F

a: 08-1.9,

b: 0-0.3,
C: 0-0.9,
d 0.8-1.9,
e 0-0.5,
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3
X: 1.0 - 8, depending on the amount and oxidation state of Li, M', M?, P, M?,
wherein compounds of general formula (1) are neutrally charged, comprising the follow-
ing steps

(A) providing a mixture comprising at least one lithium-comprising compound, at
least one iron-comprising compound, in which iron has the oxidation state 0, and
at least one M'-comprising compound, if present, and/or at least one M*
comprising compound, if present, and/or least one M*-comprising compound, if
present, and at least one compound comprising at least one phosphorous atom
in oxidation state +5, and

(B) heating the mixture obtained in step (A) at a temperature of 100 to 500 °C and at
an autogeneous pressure to obtain a compound of general formula (1).

In a preferred embodiment, M', M, M®, a, b, ¢, d, e and x have the following meanings:

M":  Na,

M?  Mn, Mg, Al, Ca, Ti, Co, Ni,

M*:  Si, S, F,

a: 0.6 - 1.6, particularly preferred 0.9 - 1.3,

b: 0-0.1,

C: 0 - 0.6, particularly preferred 0 - 0.3

d: 0.6 - 1.6, particularly preferred 0.9 - 1.3

e: 0 - 0.3, particularly preferred 0 -0.1

x: 2 -8, depending on the amount and oxidation state of Li, M', M?, P, M?,

wherein compounds according to general formula (1) are neutrally charged.

For example, in a very preferred embodiment, M', M? and M® are absent, in order to
have a neutrally charged compound of general formula (l) LiFePOy,, in which Fe is in
oxidation state +2. Therefore, in a very preferred embodiment, the process according
to the present invention is conducted in order to obtain the compound of formula
LiFePO.,.

In further preferred embodiments, M", being for example Na, is present in an amount of
up to 10 mol%, in respect of the sum of Li and M. In another preferred embodiment,
M?, being for example Mn, is present in an amount of up to 30 mol%, in respect of the
sum of iron (I1) and M? present in the compound. In another preferred embodiment, M?,
being for example Si, is present in an amount of up to 10 mol%, in respect of the sum
of phosphorous and M.

Process steps (A) and (B) are explained in the following in more detail:
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Step (A):

Step (A) of the process according to the present invention comprises providing a mix-
ture comprising at least one lithium-comprising compound, at least one iron-comprising
compound, in which iron has the oxidation state 0, and at least one M'-comprising
compound, if present, and/or at least one M?-comprising compound, if present, and/or
least one M*-comprising compound, if present, and at least one compound comprising
at least one phosphorous atom in oxidation state +5.

In general, all Li-, M'-, M*, M*- and Fe(0)-comprising compounds known to a person
having ordinary skill in the art which are able to be incorporated in an essentially aque-
ous mixture in step (A) of the process can be used in the process according to the pre-
sent invention.

The Li-comprising compound in step (A) is preferably chosen from the group consisting
of lithium hydroxide LiOH, lithium hydroxide-hydrate LiOH - H,O, lithium acetate LiOAc,
lithium carbonate Li,COj3, lithium-phosphates. -phosphites, -hypophosphites, like
LiH,POy, Li;HPO,, LisPO4, LiH,PO3, Li;HPO3, and/or LiH,PO,, and mixtures thereof. In
a very preferred embodiment, lithium hydroxide LiOH and/or lithium hydroxide-hydrate
LiOH - H,O and/or lithium carbonate Li,CO; are used as lithium-comprising compounds
in step (A) of the process according to the present invention. Two particularly preferred
lithium-comprising compounds are lithium hydroxide LiOH and lithium hydroxide-
hydrate LiOH - H,O.

The at least one lithium-comprising compound is added to the mixture in step (A) in the
process according to the present invention in a concentration of in general 0.04 to 3
mol Li/L, preferably 0.2 to 2.0 mol Li/L, particularly preferred 0.3 to 1.5 mol Li/L, based
on the whole reaction mixture in each case.

In general, all iron-comprising compounds in which iron has the oxidation state O,
known to a person having ordinary skill in the art can be used in the process according
to the present invention, which are able to be incorporated in a preferably essentially
agueous mixture in step (A) of the process.

In a preferred embodiment of the process according to the present invention, the at
least one iron comprising compound in which iron has the oxidation state 0 is chosen
from the group consisting of elemental iron, alloys of iron with at least one further
metal, steels and mixtures thereof.
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In a particularly preferred embodiment, the at least one iron comprising compound in
which iron has the oxidation state O is elemental iron, for example as powder, pellets or
mixtures thereof. In a very preferred embodiment elemental iron is used as powder.

The present invention therefore also relates to the process according to the present
invention, wherein the at least one iron comprising compound in which iron has the
oxidation state 0 is elemental iron.

In a another embodiment, the iron-comprising compound in which iron has the oxida-
tion state 0 can be chosen from the group consisting of iron-carbonyl-compounds,
wherein CO is present as a ligand, for example chosen from the group consisting of
Fe(CO)s, Fex(CO)e, Fe3(CO)q2 and mixtures thereof.

Preferably used elemental iron in powdery form can be obtained by processes known
to the skilled artisan, for example by decomposition reaction of iron-carbonyl-
compounds, for example chosen from the group consisting of Fe(CO)s, Fey(CO),
Fe3(CO)q2 and mixtures thereof, particularly preferred Fe(CO)s.

The at least one iron-comprising compound is added to the mixture in step (A) in the
process according to the present invention in a concentration of in general 0.04 to 4.0
mol Fe/L, preferably 0.1 to 2.0 mol Fe/L, particularly preferred 0.2 to 1.5 mol Fe/L,
based on the whole reaction mixture in each case.

In a preferred embodiment of the process according to the present invention, the mix-
ture which is provided in step (A) additionally comprises at least one iron-comprising
compound, in which iron has the oxidation state +3.

In general, all iron-comprising compounds in which iron has the oxidation state +3,
known to a person having ordinary skill in the art, can be used in this preferred em-
bodiment of the process according to the present invention, which are able to be incor-
porated in a preferably essentially aqueous mixture in step (A) of the process. Accord-
ing to the present invention, a single iron-comprising compound in which iron has the
oxidation state +3, or a mixture of different iron-comprising compounds in which iron
has the oxidation state +3 can be used. It is also possible that an iron-comprising com-
pound is used in which both, iron in oxidation state +2 and +3 is present, like for exam-
ple Fes;0O,. It is also possible that a mixture of different iron-comprising compounds is
used comprising one compound in which iron has the oxidation state +3 and another
compound in which iron has the oxidation state +2.

In a particularly preferred embodiment, the iron-comprising compound in which iron has
the oxidation state +3 is chosen from the group consisting of iron (I1,111)-oxide, iron(lIl)-
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6
oxide, iron (lll)-oxide hydroxide, or iron(lll)-hydroxide, for example Fes;O,, alpha-Fe,Os,
gamma-Fe,0O3, alpha-FeOOH, beta-FeOOH, gamma-FeOOH and Fe(OH)s. Preferred
are the alpha-, beta- and gamma-modification of iron(lll)-oxide hydroxide (FeOOH) and
Fe(OH)s.

The optionally added iron-comprising compound, in which iron has the oxidation state
+3, has in general a BET surface, measured according to methods known to a person
having ordinary skill in the art, of at least 5 m?/g, preferably at least 50 m?/g, more pref-
erably at least 150 m?%/g. The BET surface is in general not larger than 1000 m?/g. If
iron-comprising compounds, in which iron has the oxidation state +3, are used having a
very high BET surface, the reaction time of the process can be decreased, giving rise
to a process according to the present invention, which is faster and more economic
than the processes of the prior art.

The at least one optionally added iron-comprising compound is added to the mixture in
step (A) in the process according to the present invention in a concentration of in gen-
eral 0.04 to 4.0 mol Fe/L, preferably 0.1 to 2.0 mol Fe/L, particularly preferred 0.2 to 1.5
mol Fe/L, based on the whole reaction mixture in each case.

The at least one M1-comprising compound, if present, is preferably chosen from the
group consisting of sodium hydroxide NaOH, sodium acetate NaOAc, sodium carbon-
ate Na,COjs;, and mixtures thereof. In a very preferred embodiment, sodium hydroxide
NaOH and/or sodium carbonate Na,COj3; are used as sodium-comprising compounds in
step (A) of the process according to the present invention.

The at least one M?comprising compound, if present, is preferably chosen from com-
pounds having the required cation and an anion chosen from hydroxide, acetate, oxide,
carbonate, halogenide, like fluoride, chloride, bromide, iodide, nitrate, and mixtures
thereof. In a very preferred embodiment, the anion of the at least one M?-comprising
compound is acetate, oxide, hydroxide, carbonate, nitrate, or mixtures thereof.

The at least one M*-comprising compound, if present, is preferably chosen from H,SOy,
(NH4)HSOy4, (NH4),S0,4, LIHSO,, Li,SO,, finely divided SiO,, e.g. in form of a sol,
H,SiO,, Li-silicate, NH4F, LiF, HF, polycarbon monofluoride, polycarbon fluoride,
poly(carbon monofluoride), graphite fluoride, Li,SiFg, (NH4),SiFs and mixtures thereof.

M'-, M%, and/or M*-comprising compounds are added to the preferably essentially
agueous mixture, if 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.
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In a preferred embodiment of the process according to the present invention, the mix-
ture which is provided in step (A) additionally comprises at least one reducing agent
which is oxidized to at least one compound comprising at least one phosphorous atom
in oxidation state +5.

This preferred embodiment of the process according to the present invention shows 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 for-
mula (). In this embodiment, less compound comprising at least one phosphorous
atom in oxidation state +5 has to be added, compared to the embodiment, wherein no
compound comprising at least one phosphorous atom in oxidation state +5 is added.

In a particularly preferred embodiment, the at least one reducing agent that is oxidized
to at least one compound comprising at least one phosphorous atom in oxidation state
+5, is carbon free. According to the present invention, carbon free means that no car-
bon atoms are present in the phosphorous-containing reducing agent.

In a further particularly preferred embodiment, the at least one reducing agent which is
oxidized to at least one compound comprising at least one phosphorous atom in oxida-
tion state +5 is chosen from the group consisting of HzPOg3, (NH4)H,PO3, (NH4),HPOs3,
H3PO,, (NH4)H,PO,, LiH,PO3, Li;HPO3, LiH,PO, and mixtures thereof. In a particularly
preferred embodiment H3PO3;, (NH4)H,PO3, (NH4),HPO; are used, a very preferred
reducing agent is H3POs.

The at least one reducing agent which is oxidized to at least one compound comprising
at least one phosphorous atom in oxidation state +5 is optionally added to the mixture
in step (A) in the process according to the present invention in a concentration of in
general 0.04 to 2.0 mol P/L, preferably 0.1 to 1.3 mol P/L, particularly preferred 0.15 to
1.0 mol P/L, based on the whole reaction mixture in each case.

In this embodiment of the present application the mixture which is provided in step (A)
comprises at least one compound comprising at least one phosphorous atom in oxida-
tion state +5 and at least one reducing agent, which is oxidized to at least one com-
pound comprising at least one phosphorous atom in oxidation state +5. In this em-
bodiment of the process according to the present application, PO4> that is obtained
from the at least one compound comprising at least one phosphorous atom in oxidation
state +5 does not need to be present in an amount high enough to be the complete
amount of phosphate-anion of the compound of general formula (), because, in this
embodiment, at least one compound having at least one phosphorous atom in oxida-
tion stage +5 is also obtained as oxidation product of the optionally added reducing
agent. This at least one reducing agent which is oxidized to at least one compound
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comprising at least one phosphorous atom in oxidation state +5 is, in this embodiment,
the second source of PO,*-anions, which have to be incorporated into the compound
of general formula (I).

In step (A) of the process according to the present invention, at least one compound
comprising at least one phosphorous atom in oxidation state +5 is added. In general,
all compounds known to the skilled artisan comprising at least one phosphorous atom
in oxidation state +5 can be added in step (A) of the process according to the present
invention.

Preferred compounds comprising at least one phosphorous atom in oxidation state +5
which are added in step (A) are chosen from the group consisting of H3POy,,
(NH4)H2PO4, (NH,),HPOy,4, (NH4)3POy4, LisPOy, LiH,PO,4, Li;HPO, and mixtures thereof.
Particularly preferred are HzPQOy4, (NH4)H,PO,4, (NH4),HPO,4 and mixtures thereof, very
preferred is HsPOy,.

The at least one compound comprising at least one phosphorous atom in oxidation
state +5 is added to the mixture in step (A) in the process according to the present in-
vention in a concentration of in general 0.04 to 2.0 mol P/L, preferably 0.1 to 1.3 mol
P/L, particularly preferred 0.15 to 1.0 mol P/L, based on the whole reaction mixture in
each case.

In general the molar ratio between the at least one compound comprising at least one
phosphorous atom in oxidation state +5 and the sum of at least one iron-compound
comprising iron in oxidation state 0 and optionally present iron in oxidation state +3 is
1:2 to 2:1, preferably 1:1.5 to 1.5:1, more preferably 1:1.2 to 1.2:1, most preferably
about 1:1.

If compounds are used in the process according to the present invention that bear two
functionalities in respect of the present process, like for example compounds that com-
prise a lithium-cation and a PO,*- or POs*-anion, the amounts of the compounds,
which are introduced into the reaction mixture, are adjusted in a way that all necessary
components are present in the reaction mixture in amounts that are suitable for obtain-
ing the compound according to general formula (). A person having ordinary skill in the
art does know how to calculate these amounts.

In a further embodiment of the process according to the present invention, in addition
to at least one iron-comprising compound, in which iron has the oxidation state 0, in
addition to at least one compound comprising at least one phosphorous atom in oxida-
tion state +5 and in addition to the optionally added at least one reducing agent which
is oxidized to at least one compound comprising at least one phosphorous atom in oxi-
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dation state +5, at least one additional reducing agent is added to the mixture in step
(A) of the process according to the present invention. This additional reducing agent
may also be carbon-free or may contain carbon.

The optionally added at last one additional reducing agent is preferably chosen from
hydrazine or derivatives thereof, hydroxyl amine or derivatives thereof, reducing sug-
ars, like glucose, saccharose (succhrose) and/or lactose, alcohols like aliphatic alco-
hols having 1 to 10 carbon atoms, like methanol, ethanol, propanols, for example n-
propanol or iso-propanol, butanols, for example n-butanol, iso-butanol, ascorbic acid,
and compounds comprising easily oxidisable double bonds, and mixtures thereof.

Examples of derivatives of hydrazine are hydrazine-hydrate, hydrazine-sulfate, hydra-
zine-dihydrochlorid and others. An example of a derivative of hydroxyl amine is hy-
droxyl amine-hydrochloride. Particularly preferred carbon-free reducing agents which
are not oxidized to at least one compound comprising at least one phosphorous atom
in oxidation state +5 are hydrazine, hydrazine-hydrate, hydroxyl amine or mixtures
thereof.

The at least one reducing agent, which is optionally added in step (A) of the process
according to the present invention, is on the one hand by nature not able to deliver
PO,*-anions as oxidation products which can be incorporated into the compound of
general formula (1). In this case, the amount and the concentrations of the at least one
compound comprising at least one phosphorous atom in oxidation state +5, which is
added in step (A), and the at least one reducing agent which is oxidized to at least one
compound comprising at least one phosphorous atom in oxidation state +5, which is
optionally added in step (A), have to be adjusted accordingly. A person having ordinary
skill in the art does know how the respective amounts have to be calculated.

The at least one additional reducing agent is optionally added to the mixture in step (A)
in the process according to the present invention in 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.

In another embodiment, if a combination of at least one compound comprising at least
one phosphorous atom in oxidation stage +5, preferably H;PO,, and at least one reduc-
ing agent which is oxidized to a compound comprising at least one phosphorous com-
pound in oxidation stage +5, preferably H;POjs, is added in step (A) of the process ac-
cording to the present invention, this combination is preferably added in a ratio, for ex-
ample, HsPO3/H3PO4, which is larger than the ratio that is necessary to obtain the de-
sired compound according to general formula (), to overcome oxidative influences
within the synthesis route, e.g. within the preparation of the mixture in the presence of
oxygen and/or within the optional calcination of the dried material in the presence of
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oxygen impurities. A person having ordinary skill in the art does know how to calculate
the stoichiometric amounts of the components in the mixture of step (A) according to
the present invention.

In a preferred embodiment, the at least one lithium-comprising compound, the at least
one iron-comprising compound, in which iron has the oxidation state 0, and the at least
one compound comprising at least one phosphorous atom in oxidation state +5, are
added to the essentially aqueous mixture in amounts that are adjusted in a way that the
stoichiometry according to general formula (l) is obtained. A person having ordinary
skill in the art does know how to calculate the necessary amounts.

In another preferred embodiment of the present invention, the at least one lithium-
comprising compound is added in an amount that is = 1% by weight, preferably = 2%
higher than the stoichiometric amount according to general formula (I).

In a further preferred embodiment of the present invention, the at least one lithium
comprising compound is added in an amount that is less than 20% by weight, prefera-
bly less than 15% by weight, in particular less than 10% by weight higher than the
stoichiometric amount according to general formula (1).

In one embodiment of the process according to the present invention the components
which are present in the mixture that is provided in step (A) are mixed in dry state by
intimately milling. A person having ordinary skill in the art does know how this intimate
milling can be obtained and which apparatuses like mills can be used. The milled com-
ponents are than dissolved or dispersed in a suitable amount of solvent or dispersant,
being preferably water.

In another embodiment of step (A) of the process according to the present invention,
the components are mixed by subsequent dissolving or dispersing them in the solvent
or dispersant, preferably in water.

The mixture which is provided in step (A) of the process according to the present inven-
tion is in a preferred embodiment essentially aqueous. The wording “essentially aque-
ous” in this invention has the meaning that more than 50% by weight, preferably more
than 65% by weight, particularly preferably more than 80% by weight of the solvent,
which is used to provide the essentially agueous mixture in step (A) of the process ac-
cording to the present invention, is water.

In addition to water, further solvents that are miscible with water can be present. Ex-
amples of these solvents are aliphatic alcohols having 1 to 10 carbon atoms like
methanol, ethanol, propanols, for example n-propanol or iso-propanol, butanols, for
example n-butanol, iso-butanol. According to the present invention, alcohols can be
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added in step (A) of the process according to the present invention as additional reduc-
ing agent and/or as additional solvent.

In a very preferred embodiment, the solvent that is used in step (A) of the process ac-
cording to the present invention is water without any additional solvents. In the context
of the present invention the wording “without any additional solvents” means that in the
very preferred embodiment that water is used as sole solvent, solvents other than wa-
ter are present in the reaction mixture in an amount of less than 2% by weight, prefera-
bly less than 1% by weight, more preferably less than 0.15% by weight.

The order, in which the different components are added to the solvent or mixture of
solvents in step (A), is not determined. In a preferred embodiment, the lithium-
comprising compound is added first to the solvent, the at least one compound having at
least one phosphorous atom having the oxidation state +5, and optionally the at least
one reducing agent which is oxidized to at least one compound comprising at least one
phosphorous atom in oxidation state +5, and optionally the at least one additional re-
ducing agent, are added subsequently. The at least one iron-comprising compound, in
which iron has the oxidation state 0 is preferably added last.

In a preferred embodiment of the present invention, the mixture obtained from step (A)
of the process according to the present invention is an essentially aqueous solution or
dispersion of at least one lithium-comprising compound, at least one iron-comprising
compound, in which iron has the oxidation state 0, at least one compound comprising
at least one phosphorous atom in oxidation state +5, optionally in combination with at
least one reducing agent that is oxidized to at least one compound comprising at least
one phosphorous atom in oxidation state +5.

When conducted in an essentially aqueous way, step (A) can be conducted in all suit-
able reactors that are known to a person skilled in the art, for example an autoclave.
Step (A) can be conducted continuously or discontinuously.

The temperature, under which step (A) of the process according to the present inven-
tion is conducted in an essentially aqueous way is 10 to 120 °C, preferably 15 to 100
°C, particularly preferably 20 to 30 °C, for example room temperature. If temperatures
higher than 100 °C are used, the reaction mixture has to be present in a pressure-
resistant reactor, because of the boiling point of water. To increase the homogeneity of
the mixture, mixing is optionally conducted at elevated temperature and optionally un-
der the application of shearing force, for example by the use of an ultrathurrax.

In a preferred embodiment the mixture is stirred in step (A) for a time of 0.05 to 80
hours, particularly preferred 0.1 to 20 hours, for example 0.5 to 2 hours. The pH-value
of the reaction mixture that is obtained in step (A) of the process according to the pre-
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sent invention depends in general on the at least one iron-comprising compound in
which iron has the oxidation state 0 that is used and can be basic, neutral or acidic.

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

Oxidation of most the Fe° to Fe*" is in general conducted in step (B) of the process
according to the present invention. It is also possible that oxidation immediately starts
in step (A) after addition of all components. It is further possible that oxidation starts
after the aqueous mixture is heated to an increased temperature of 40 to 100 °C, pref-
erably 60 to 95 °C.

Step (B):

Step (B) of the process according to the present invention comprises heating the mix-
ture obtained in step (A) at a temperature of 100 to 500 °C and at an autogeneous
pressure to obtain a compound of general formula (1).

Step (B) of the process according to the present invention is conducted in general at a
temperature of 100 to 500 °C, preferably at 180 to 400 °C, most preferably at 220 to
320 °C, for example at 250 to 300 °C.

In one embodiment, step (B) of the process according to the present invention, can be
conducted under hydrothermal conditions, wherein liquid water and water vapour are
present in equilibrium, for example at a temperature of 100 to 374.15 °C. Conducting
step (B) of the process according to the present invention under hydrothermal condi-
tions is preferred. Under hydrothermal conditions autogeneous pressures of 1 bar at
100 °C to 220 bar at 374 °C are present in the autoclave.

In another embodiment, step (B) of the process according to the present invention, is
conducted under supercritical conditions, for example at a temperature of above
374.15 °C. If step (B) of the process according to the present invention is conducted
under supercritical conditions, the reaction mixture is present in a supercritical phase.
In this embodiment, a pressure of 500 bar and more can be obtained, depending on
the filling degree of the autoclave.

Step (B) of the process according to the present invention is conducted in general at a
pressure of 1 to 200 bar, preferably at 2 to 150 bar, most preferably at 50 bis 100 bar.
The pressure which is present in step (B) of the process according to the present in-
vention can in one embodiment be set by the components of the reaction mixture,
which is heated to the mentioned temperatures. For example, if water is the solvent of
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the reaction mixture prepared in step (A) and treated under hydrothermal conditions in
step (B) of the process according to the present invention, it will evaporate at a tem-
perature above 100 °C. If step (B) is conducted in a sealed reactor, for example an
autoclave, the pressure will rise in this reactor caused by the evaporating solvent. In a
very preferred embodiment, step (B) of the process according to the present invention
is conducted in an autoclave.

In a second embodiment of the process according to the present invention, the pres-
sure of the reaction mixture in step (B) can be adjusted by the addition of at least one
suitable gas to the reactor. This gas is preferably an inert gas, most preferably chosen
from noble gases like argon, helium or mixtures, or nitrogen. In a preferred embodi-
ment of the process according to the present invention, nitrogen is used as inert gas.

In a further embodiment of the process according to the present invention, the reaction
mixture obtained from step (A) is placed in a suitable reactor, for example an auto-
clave, followed by adjusting the pressure in the reactor to a pressure above atmos-
pheric pressure, being for example 1.5 to 20 bar, most preferably 5 to 15 bar, for ex-
ample 10 bar. Subsequently, the reaction mixture is heated to a temperature which is
desired, preferably as mentioned above, wherein the pressure rises at the same to the
values as mentioned above.

Step (B) of the process according to the present invention can be conducted in any
kind of reactor, which is suitable for the temperature and pressure of step (B). In a pre-
ferred embodiment, step (B) of the process according to the present invention is con-
ducted in an autoclave. In a more preferred embodiment, step (B) of the process ac-
cording to the present invention is conducted in the same reactor as step (A) of the
process.

Step (B) of the process of the present invention can be conducted continuously or dis-
continuously.

Heating according to step (B) of the process according to the present invention is con-
ducted as long as it is necessary to obtain a compound according to formula (I). In a
preferred embodiment, step (B) of the process according to the present invention is
conducted for 0.5 to 30 hours, preferably 4 to 20 hours, most preferably 8 to 16 hours,
for example 12 hours.

In general, the reaction mixture is stirred in step (B) of the process according to the
present in invention. In a preferred embodiment, the mixture is stirred in step (B) very
rapidly, in order to obtain compounds of general formula (1), which are very homogene-
ous. The stirrer speed in step (B) is preferably 400 to 1200 rpm (rounds per minute),
more preferably 600 to 100 rpm, for example 700 rpm. The stirrer speed in step (B) has
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a significant effect on the quality of the products obtained from the process according
to the present invention. Suitable stirrers are known to a person having ordinary skill in
the art, for example blade stirrer.

After step (B) of the process according to the present invention the product, at least
one compound according to general formula (1), most preferably LiFePQ,, is obtained
in the solvent, which has been applied in step (A) of the process. In a preferred em-
bodiment of the process according to the present invention, water is used as the sol-
vent. In the case that other compounds according to general formula (I) not being
LiFePO, are prepared by the process according to the present invention, either solu-
tions or emulsions are obtained in step (B) depending on the solubility of these com-
pounds in the solvent. In the preferred case that LiFePO, is obtained in the process
according to the present invention, an aqueous suspension of LiFePO, is obtained in
step (B).

If an emulsion is obtained after step (B) of the process according to the present inven-
tion, which is preferred, this mixture has a basic, neutral or acidic pH-value, preferably
a neutral pH-value of for example 6 to 8, particularly preferably about pH 7.

The present invention also relates to a compound according to general formula (1) as
defined above, preparable by a process according to the present invention.

In a preferred embodiment of the process according to the present invention, the reac-
tion mixture, which is obtained from step (B) is subjected to step (C), which is an op-
tional separating step, in order to separate the compound according to general formula
() from the reaction medium.

Step C:

In a preferred embodiment of the process according to the present invention, after step
(B), the following step (C) is conducted:

(C) separating the compound of general formula (I) from the mixture obtained in
step (B).

In general, all methods that are known to a person having ordinary skill in the art for
separating solid materials from solution or emulsion can be used in step (C) of the
process according to the present invention. Preferred methods are filtration, centrifuga-
tion, drying. In a preferred embodiment of step (C), the at least one compound of gen-
eral formula (1) which is obtained in step (B) in, preferably aqueous, emulsion is sepa-
rated in step (C) by filtration, preferably supported by application of increased or re-



10

15

20

25

30

35

40

WO 2010/106035 PCT/EP2010/053326

15
duced pressure. A person having ordinary skill in the art does know how to conduct
this.

In a further preferred embodiment of the process according to the present invention,
after separation of the at least one compound of general formula (1) in solid form, this
solids is washed, in order to obtain the at least one compound in essentially pure form.
In respect of the process according to the present invention, “essentially pure” means
that less than 5% by weight, preferably less than 2% by weight, more preferably less
than 1% by weight compounds are present after washing that are not compounds of
general formula ().

In a preferred embodiment, washing is conducted with a suitable solvent, in which the
at least one compound of general formula (I) is essentially insoluble. “Essentially in-
soluble” means that less than 5% by weight, preferably less than 2% by weight, more
preferably less than 1% by weight of the at least one compound of general formula (l)
is dissolved during the washing procedure.

In respect of the process according to the present invention, “essentially” means more
than 90%, preferably more than 95%, more preferably more than 98%.

In a very preferred embodiment, washing in step (C) of the process according to the
present invention is conducted with water. In a more preferred embodiment of the pre-
sent invention, washing is conducted with several portions of water, instead of one
complete portion of water. In general, washing is conducted as many times as neces-
sary, in order to obtain the compound according to general formula (I) in essentially
pure form. A method to determine the amount of water that is necessary to obtain an
essentially pure compound is, for example, the conductivity of the compound, wherein
an essentially pure compound shows a very low conductivity.

In a further preferred embodiment, the at least one compound that is obtained after
step (C) of the process according to the present invention, is dried, in order to remove
the solvent, preferably water. Drying can be conducted by any method known to a per-
son having ordinary skill in the art, for example heating to a temperature of 40 to 150
°C. In a further embodiment of the process according to the present invention, drying
can be conducted under reduced pressure, for example at 400 to 900 mbar. Drying by
heating can be conducted in any apparatus suitable for drying and known to the skilled
artisan, for example in a hot-air cabinet or in any kind of furnaces.

Drying in step (C) of the present invention is conducted as long as essentially the
whole amount of solvent, preferably water, is removed. A person having ordinary skill in
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the art does know, when essentially all solvent is removed, for example all solvent is
removed if the compound of general formula (1) reaches a constant weight.

The solids that are obtained from step (C) of the process according to the present in-
vention supply improved Li-ion diffusivity in the charging and discharging of a Li-ion
battery containing them. By improving the Li-ion diffusivity the power characteristics
and additionally the capacity of a Li-ion battery can be increased.

Therefore the present invention also relates to particles or agglomerates comprising at
least one compound of general formula (I) obtainable/preparable by the process ac-
cording to the present invention.

Because of the improved Li-ion diffusivity in the charging and discharging of a Li-ion
battery, the particles or agglomerates comprising at least one compound according to
general formula (I) preparable by the process according to the present invention are
particularly suitable for the use for the preparation of a cathode of a lithium-ion battery
or an electrochemical cell. Therefore the present invention also relates to the use of
compounds of general formula (I) obtainable/preparable by the process according to
the present invention for the preparation of a cathode of a lithium-ion battery or an elec-
trochemical cell.

In addition, the present invention relates to a cathode for a lithium-ion battery, compris-
ing at least one particle or agglomerates preparable to the process according to the
present invention or at least one compound according to general formula (I) preparable
by the process according to the present invention.

Step (D):

In one embodiment of the process according to the present invention, the solid com-
pound obtained from step (C) is optionally calcinated at a calcination temperature of
300 to 1000 °C in an optional step (D) of the process according to the present inven-
tion.

Optional step (D) is preferably conducted at a calcination temperature of 375 to 1100
°C, particularly preferably at a calcination temperature of 400 to 950 °C, for example
450 to 850°C.

Calcination is in general conducted under an inert gas atmosphere. Examples of inert
gases are nitrogen, technical nitrogen comprising traces of oxygen or noble gases like
helium and/or argon. In a preferred embodiment, nitrogen is used in optional step (D) of
the process according to the present invention. If technical nitrogen is used in optional
step (D) of the present invention, this nitrogen can comprise traces of oxygen.
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One advantage of the process according to the present invention is that calcination can
be conducted under an inert atmosphere and no need exists to conduct optional step
(D) under a reducing atmosphere according to the prior art. Based thereon the process
according to the present invention can be conducted in a more time and cost saving
way. The absence of a gaseous reducing agent, for example hydrogen, avoids the
presence of explosive gaseous mixtures. If the nitrogen used in the calcination step
comprises higher amounts of oxygen, it is possible to add reducing gases like CO or
hydrogen to the oxygen comprising nitrogen.

Optional step (D) of the process according to the present invention is conducted for a
time of 0.1 to 8 hours, preferably 0.5 to 3 hours. In a preferred embodiment of optional
step (D), the calcination temperature is hold for a period of 0.1 to 2 hours, very prefera-
bly 0.5 to 1.5 hours, and at the end the temperature is decreased to room temperature.

The temperature of calcination has a significant impact onto the specific surface of the
compound according to general formula (I). Low temperatures during calcination give
normally rise to high specific surface area. High temperatures during calcination give
usually rise to low specific surface area.

The particles or agglomerates that are obtained in step (D) of the process according to
the present invention can optionally comprise further elements, for example carbon,
that are optionally obtained by pyrrolysis of the additional reducing agent, for example,
a sugar.

The process according to the present invention can be conducted continuously or dis-
continuously. In a preferred embodiment the process according to the present invention
is conducted continuously. Suitable apparatuses for optional step (D) are known to the
person having ordinary skill in the art. One example for a discontinuous or continuous
calcination is a rotary furnace. In case of continuous calcination the residence time in a
rotary furnace is based on the inclination and the rotating speed of the furnace. A per-
son having ordinary skill in the art does know how a suitable residence time is adjusted
in the rotary furnace. In a preferred embodiment the solid that is calcinated in step (D)
of the process according to the present invention is moved during calcination, for ex-
ample in a fluidized bed reactor or in a rotary furnace. The solid can also be stirred
during calcination. The rotary furnace can comprise different temperature zones. For
example, in a first zone the temperature is adjusted to a low temperature in order to
drain the spray dried powder, whereas in another zone a higher calcination tempera-
ture is present. The speed of heating of the powder is depending on the temperatures
in the different zones and on the speed with which the powder is moved in the furnace.
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Optional step (D) of the process according to the present invention is in general con-
ducted under a pressure that is suitable that preferably complete conversion into the
desired products is obtained. In a preferred embodiment optional step (D) is conducted
under a pressure which is slightly higher than atmospheric pressure, in order to prevent
oxygen penetrating the reactor from the outside. This slightly increased atmospheric
pressure is preferably caused by at least one inert gas that is streaming over the solid
compound that is calcinated in this step.

Depending on the composition of the electrode which can be prepared form the com-
pound of general formula (I) and on the desired electrochemical properties of the re-
sulting lithium-ion battery, it can be advantageous, according to the present invention, if
the solid compound obtained from step (C) is mechanically treated prior to optional
step (D) and/or if the solid compound obtained from step (D) is mechanically treated
after step (D), in order to destroy the agglomerates into smaller and more dense ag-
glomerates having the required size or into the primary particles. Suitable mills, com-
pactors and/or rolls 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.
For milling of the calcinated product also wet milling processes may be advantageous,
for example by the use of a bead mill. Further suitable apparatuses are compactors
and/or rollings.

The materials according to the present invention of general formula (l) preparable by
the process according to the present invention are particularly suitable for the use for
the preparation of a cathode of a lithium-ion battery or an electrochemical cell. There-
fore the present invention also relates to the use of a particle or agglomerate or of
compound of general formula (l) obtainable/preparable by the process according to the
present invention for the preparation of a cathode of a lithium-ion battery or an electro-
chemical cell.

The present invention further relates to a cathode for a lithium-ion battery, comprising
at least one particle or agglomerate compound according to general formula (I) obtain-
able/preparable by the process according to the present invention. To obtain a cathode
as mentioned above the compound according to general formula (l) is mixed with at
least one electrically conducting material, described for example in WO 2004/082047.

Suitable electrically conducting materials are for example carbon black, graphite, car-
bon fibres, carbon nanofibres, 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 (l) in the cathode. To
obtain the cathode the electrically conducting material and the compound according to
general formula (I) are mixed, optionally in the presence of an organic solvent and op-
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tionally in the presence of an organic binder, for example PVDF, and this mixture is
optionally formed and dried. A temperature of 80 to 150 °C is applied in the drying step.

In a preferred embodiment at least a part of the at least one electrically conducting ma-
terial or at least one precursor of an electrically conducting material is added during the
preparation of compounds according to general formula (1) as mentioned above. In a
preferred embodiment, at least a part of the at least one electrically conducting material
or at least one precursor of an electrically conducting material is added to the mixture
of the starting materials in the preparation of the compound according to general for-
mula (I). The remaining part of the least one electrically conducting material or at least
one precursor of an electrically conducting material, which has not been added during
the preparation of compounds according to general formula (1), is added after this
preparation.

Therefore, the present invention also relates to a process for the preparation of a mix-
ture comprising at least one compound according to general formula (I) as defined
above and at least one electrically conducting material comprising the following steps

(E) providing a mixture comprising at least one electrically conducting material or at
least one precursor of an electrically conducting material, at least one lithium-
comprising compound, at least one iron-comprising compound, in which iron has
the oxidation state 0, and at least one M'-comprising compound, if present,
and/or at least one M?comprising compound, if present, and/or at least one M*-
comprising compound, if present, and at least one compound comprising at least
one phosphorous atom in oxidation state +5, and

(F) heating the mixture obtained in step (E) at a temperature of 100 to 500 °C and an
autogeneous pressure to obtain a mixture comprising at least one compound ac-
cording to general formula (1) and at least one electrically conducting material.

In a preferred embodiment of this process according to the present invention, the mix-
ture that is provided in step (E) is essentially aqueous. In a further preferred embodi-
ment the mixture which is provided in step (E) additionally comprises at least one iron-
comprising compound, in which iron has the oxidation state +3.

The lithium-, M'", M? and/or M*-comprising compounds, the iron-comprising com-
pounds, ion which iron has the oxidation state 0, the at least one compound comprising
at least one phosphorous atom in oxidation state +5, the optionally present at least one
reducing agent which is oxidized to at least one compound comprising at least one
phosphorous atom in oxidation state +5, the optionally present iron-comprising com-
pound, in which iron has the oxidation state +3, the electrically conductive materials,
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the apparatuses and the process parameters of the steps (E) and (F) correspond to the
ones described in respect of steps (A) and (B).

In a further preferred embodiment, the optionally added at least one reducing agent
which is oxidized to at least one compound comprising at least one phosphorous atom
in oxidation state +5 is chosen from the group consisting of H;PO3;, (NH;)H,POs3,
(NH4);HPO3, H3PO32, (NH4)H,PO,, LiH,PO3, Li,HPO3, LiH,PO, and mixtures thereof.

In the process for the preparation of a mixture comprising at least one compound ac-
cording to general formula (1) as defined above and at least one electrically conducting
material, the electrically conducting material is chosen from the group consisting of
carbon black, graphite, carbon fibres, carbon nanofibres, carbon nanotubes, electrically
conducting polymers and mixtures thereof. The at least one electrically conducting ma-
terial is in general added in step (E) of the process according to the present invention in
an amount of 0.01 to 15% by weight, preferably 0.1 to 10% by weight, more preferably
0.2 to 8% by weight, based on the whole reaction mixture present in step (E) of the
process according to the present invention.

If carbon black, graphite or substances essentially consisting of carbon are used as
electrically conducting materials in step (E), these materials are preferably suspended
in a mixture, preferably an essentially aqueous solution or dispersion, of the other
components. This can be achieved by direct addition of these electrically conducting
materials to the, preferably agueous, mixture of the other components. Alternatively,
carbon black, graphite or substances essentially consisting of carbon can be sus-
pended in an aqueous solution of hydrogen peroxide, and this suspension can then be
added to a solution or dispersion of one or more components as mentioned above.
Treatment with hydrogen peroxide normally improves the wettability of carbon with wa-
ter and makes it possible to obtain carbon containing suspensions having an improved
stability, i.e. having a lower tendency for demixing. In addition the homogenous disper-
sion of the electrically conducting material in the mixture is improved. By further stirring
and/or heating of the agueous suspension the excess hydrogen peroxide is decom-
posed into water and oxygen in the catalytic presence of the Li-, Fe- and/or P-
containing precursors.

In another embodiment, at least one surfactant can be added in step (E) of the process
according to the present invention. Suitable surfactants are for example non-ionic sur-
factants, preferably ethylene oxide/propylene oxide block copolymers.
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Step (G):

In a preferred embodiment of the process according to the present invention, after step
(F), the following step (G) is conducted:

(G) separating the mixture comprising at least one compound according to general
formula (I) as defined above and at least one electrically conducting material from
the mixture obtained in step (F).

In general, all methods that are known to a person having ordinary skill in the art for
separating solid materials from solution or emulsion can be used in step (G) of the
process according to the present invention.

In principle, optional step (G) of the process according to the present invention can be
conducted according to step (C) as described above. Therefore, the details and pre-
ferred embodiments which have been explained in respect of step (C) are also details
and preferred embodiments of step (G) with the difference that in step (G) a mixture
comprising at least one compound according to general formula (I) as defined above
and at least one electrically conducting material is treated, whereas in step (C) at least
one compound according to general formula (1) as defined above is treated.

Step (H):

In one embodiment of the process according to the present invention, the solid com-
pound obtained from step (G) is calcinated at a calcination temperature of 300 to
1000 °C in an optional step (H) of the process according to the present invention.

In principle, optional step (H) of the process according to the present invention can be
conducted according to step (D) as described above. Therefore, the details and pre-
ferred embodiments which have been explained in respect of step (D) are also details
and preferred embodiments of step (H) with the difference that in step (H) a mixture
comprising at least one compound according to general formula (I) as defined above
and at least one electrically conducting material is treated, whereas in step (D) at least
one compound according to general formula (1) as defined above is treated.

The present invention also relates to a mixture, comprising at least one compound ac-
cording to general formula (I) as defined above and at least one electrically conducting
material, preparable by a process comprising steps (E), (F), and optionally (G) and/or
(H) as mentioned above. In contrast to materials according to the prior art, these mix-
tures according to the present invention show an improved dispersion of the at least
one electrically conducting material within the agglomerates of the resulting material.



10

15

20

25

30

35

WO 2010/106035 PCT/EP2010/053326

22

This improved C-dispersion leads to a highly electrically conductive percolation network
of carbon within the cathode material powder according to the present invention and in
addition to an improved electrical conductivity of the layer like electrode. The mixture
comprising at least one compound according to general formula (I) and at least one
electrically conducting material in general has BET surface area which is determined
by the kind and the amount of the additional carbon within the mixture and may vary
from 0.1 to 500 m?/g.

Therefore, the present invention also relates to the use of a mixture as mentioned
above or agglomerates comprising the mixture, comprising at least one compound ac-
cording to general formula (I) as defined above and at least one electrically conducting
material for the preparation of a cathode of a lithium-ion battery or an electrochemical
cell.

The present invention also relates to a cathode for a lithium-ion battery, comprising a
mixture or agglomerates comprising the mixture as mentioned above.

For the preparation of a cathode using the compound according to general formula (1)
as mentioned above or a mixture comprising the compound according to general for-
mula () or agglomerates as mentioned above and at least one electrically conducting
material as mentioned above, in a preferred embodiment the following binders are
used:

Polyethyleneoxide (PEO), cellulose, polyethylene, polypropylene, polytetrafluoroethyl-
ene, polyacrylonitrile-methylmethacrylate, styrene-butadiene-copolymers, tetrafluoro-
ethylene-hexfluoropropylene-copolymers, polyvinylidenefluoride-hexafluoropropylene-
copolymers (PVdF-HFP), perfluoroalkyl-vinylether-copolymers, vinylidenefluoride-
chlorotrifluoroethylene-copolymers, ethylene-chlorofluoroethylene-copolymers, ethyl-
ene-acrylic acid-copolymers (with and without sodium ions included), ethylene-
methacrylic acid (with and without sodium ions included), polyimides and polyisobu-
tene.

The binder is normally added in an amount of 1 to 10% by weight, preferably 2 to 8%
by weight, particularly preferred 3 to 7% by weight, in each case based on the whole
cathode material.

The process according to the present invention is further illustrated by the following
example:
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Examples

Fe that is used in the examples is obtained by decomposition reaction of Fe(CO)s.

Example 1
LiOH + Fe + H3PO, > LiFePO4 + H,O + H,

15.39 g (98%, 0.63 mol, Merck) LiOH are dissolved under stirring in 1320 mL of water.
69.0 g (85%, 0.60 mol, Bernd Kraft GmbH Duisburg, Germany) H;PO, are added to the
solution. The obtained solution is transferred to a 3.5 L autoclave with stirrer, and
32.51 g (0.58 mol, brand EQ, BASF SE) Fe are added subsequently. The pressure in
the autoclave is set to 10 bar with nitrogen. The reaction mixture is stirred at room tem-
perature for one hour and is then heated to 270 °C. The temperature is held at 270 °C
for 12 hours and is then lowered to room temperature.

The reaction mixture is filtrated and LiFePO, obtained is washed and dried. Diffraction
analysis of LiFePO,4 obtained in example 1 is shown in figure 1, wherein intensity of
radiation is drawn on the y-axis and 2-theta is drawn on the x-axis. Conditions of this
analysis are:

Step: 0.020 ° - Step time: 2.4 s - Temp.: 25 °C (Room) - Anode: Cu
Example 2
5LiOH + 4 Fe + FeEOOH + 5 H3PO4 > 5 LiFePO, + 7 H,O + 7/2 H,

15.39 g (98%, 0.63 mol, Merck) LiOH are dissolved under stirring in 1320 mL of water.
69.0 g (85%, 0.60 mol, Bernd Kraft GmbH Duisburg, Germany) HsPO, and 10.97 g
(Fe-content 50.9% by weight, 0.12 mol, Bayoxid EF300, specific BET-surface 236
m?/g) FeOOH are added to the solution. The obtained solution is transferred toa 3.5 L
autoclave with stirrer, and 27.92 g (0.50 mol, brand EQ, BASF SE) Fe are added sub-
sequently. The pressure in the autoclave is set to 10 bar with nitrogen. The reaction
mixture is stirred at room temperature for one hour and is then heated to 270 °C. The
temperature is held at 270 °C for 12 hours and is then lowered to room temperature.

The reaction mixture is filtrated and LiFePQO, obtained is washed and dried.
Example 3

5LiOH + 4 Fe + FeOOH + 5 H3PO4 > 5 LiFePO4 + 7 H,O + 7/2 H,
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15.39 g (98%, 0.63 mol, Merck) LiOH are dissolved under stirring in 1320 mL of water.
69.0 g (85%, 0.60 mol, Bernd Kraft GmbH Duisburg, Germany) HsPO, and 10.97 g
(Fe-content 50.9% by weight, 0.12 mol, Bayoxid EF300, specific BET-surface 236
m?/g) FeOOH are added to the solution, a suspension A is obtained. 3 g carbon black
(Timcal Super P Li, Timcal Deutschland GmbH, D-40212 Disseldorf, Germany) are
added to the water, wherein the carbon black swims on the surface. Subsequently, 150
ml aqueous H,O,-solution (30%, Merck GmbH, D-64293 Darmstadt, Germany) are
added drop wise under stirring, wherein the carbon black disperses in water. The black,
agueous carbon black dispersion B obtained is added under stirring to the suspen-
sion A. The obtained solution is transferred to a 3.5 L autoclave with stirrer, and
27.92 g (0.50 mol, brand EQ, BASF SE) Fe are added subsequently. The pressure in
the autoclave is set to 10 bar with nitrogen. The reaction mixture is stirred at room tem-
perature for one hour and is then heated to 270 °C. The temperature is held at 270 °C
for 12 hours and is then lowered to room temperature. The reaction mixture is filtrated
and LiFePQ, obtained is washed and dried. Afterwards, the obtained LiFePO4/C pow-
der is calcined under N, atmosphere at 600 °C for 2 h.
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Claims

1.

Process for the preparation of compounds of general formula (1)
I—ia-bM1bFe1-cM20Pd-eM3er (I)s
wherein Fe has the oxidation state +2 and M', M%, M, a, b, ¢, d, e and x are:

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

M?  Mn, Mg, Al, Ca, Ti, Co, Ni, Cr, V,

M Si, S, F

0.8-1.9,

0-0.3,

0-0.9,

0.8-1.9,

0-0.5,

1.0 - 8, depending on the amount and oxidation state of Li, M", M?, P, M?,

X020 ge

wherein compounds of general formula (1) are neutrally charged,
comprising the following steps

(A)  providing a mixture comprising at least one lithium-comprising compound,
at least one iron-comprising compound, in which iron has the oxidation
state 0, and at least one M'-comprising compound, if present, and/or at
least one M’-comprising compound, if present, and/or least one M-
comprising compound, if present, and at least one compound comprising
at least one phosphorous atom in oxidation state +5, and

(B) heating the mixture obtained in step (A) at a temperature of 100 to 500 °C
and at an autogeneous pressure to obtain a compound of general formula

().

Process according to claim 1, wherein the mixture which is provided in Step (A)
is essentially aqueous.

Process according to claim 1 or 2, wherein the mixture which is provided in step
(A) additionally comprises at least one iron-comprising compound, in which iron
has the oxidation state +3.

Process according to any of claims 1 to 3, wherein the at least one iron compris-
ing compound in which iron has the oxidation state O is elemental iron.
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10.

11.

12.

13.

14.

26
Process according to any of claims 1 to 4, wherein the mixture which is provided
in step (A) additionally comprises at least one reducing agent which is oxidized to
at least one compound comprising at least one phosphorous atom in oxidation
state +5.

Process according to claim 5, wherein the at least one reducing agent which is
oxidized to at least one compound comprising at least one phosphorous atom in
oxidation state +5 is chosen from the group consisting of H3POs, (NH4)H2,POs3,
(NH4):HPO3;, H3PO,, (NH4)H,PO,, LiH,PO;, Li,HPO; Li,PO, and mixtures
thereof.

Process according to any of claims 1 to 6, wherein the at least one compound
comprising at least one phosphorous atom in oxidation state +5 which is added
in step (A) is chosen from the group consisting of H3PO4 (NH4)H,POy,
(NH4)2HPOy4, (NH4)sPOy4, LisPOy, LiH,POy, Li;HPO, and mixtures thereof.

Process according to any of claims 1 to 7, wherein heating in step (B) is con-
ducted at a temperature of 180 to 350 °C.

Process according to any of claims 1 to 8, wherein after step (B) the following
step (C) is conducted:

(C) separating the compound of general formula (l) from the mixture obtained
in step (B).

Process according to any of steps 1 to 9, wherein step (B) is conducted in an
autoclave.

Particles or agglomerates comprising at least one compound of general formula
(1) obtainable by the process according to claims 1 to 10.

Compound according to general formula (I) as defined in claim 1, preparable by
a process according to any of claims 1 to 10.

Use of a particle or agglomerates according to claim 11 or of a compound ac-
cording to claim 12 for the preparation of a cathode of a lithium-ion battery or an
electrochemical cell.

Cathode for a lithium-ion battery, comprising at least one particle or agglomer-
ates according to claim 11 or at least one compound according to claim 12.
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15.

16.

17.

18.

19.

20.

27
Process for the preparation of a mixture comprising at least one compound ac-
cording to general formula (1) as defined in claim 1 and at least one electrically
conducting material comprising the following steps

(E) providing a mixture comprising at least one electrically conducting material
or at least one precursor of an electrically conducting material, at least one
lithium-comprising compound, at least one iron-comprising compound, in
which iron has the oxidation state 0, and at least one M'-comprising com-
pound, if present, and/or at least one M?-comprising compound, if present,
and/or least one M*-comprising compound, if present, and at least one
compound comprising at least one phosphorous atom in oxidation state
+5, and

(F) heating the mixture obtained in step (E) at a temperature of 100 to 500 °C
and at an autogeneous pressure to obtain a mixture comprising at least
one compound according to general formula (1) and at least one electrically
conducting material.

Process to claim 15, wherein the mixture which is provided in step (E) addition-
ally comprises at least one reducing agent which is oxidized to at least one com-
pound comprising at least one phosphorous atom in oxidation state +5.

Process according to claim 16, wherein the at least one reducing agent which is
oxidized to at least one compound comprising at least one phosphorous atom in
oxidation state +5 is chosen from the group consisting of H3POs;, (NH4)H2PO3,
(NH4),HPO3, H3PO,, (NH4)HPO,, LiH,POs;, Li;HPOs, LiH,PO, and mixtures
thereof.

Process according to any of claims 15 to 17, wherein the electrically conducting
material is chosen from the group consisting of carbon black, graphite, carbon fi-
bres, carbon nanofibres, carbon nanotubes, electrically conducting polymers or
mixtures thereof.

Mixture, comprising at least one compound according to general formula (I) as
defined in claim 1 and at least one electrically conducting material, preparable by
a process according to any of claims 15 to 18.

Particles or agglomerates comprising the mixture as claimed in claim 19.
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21.

22.

28
Use of a mixture according to claim 19 or of particles or agglomerates according
to claim 20 for the preparation of a cathode of a lithium-ion battery or an electro-
chemical cell.

Cathode for a lithium-ion battery, comprising a mixture according to claim 19 or
particles or agglomerates according to claim 20.
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