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(57) ABSTRACT

Iron(IIT) orthophosphate of the general formula FePO,x
nH,O (n=2.5), prepared by a process in which iron(Il)-, iron
(II1)- or mixed iron(Il, IIT) compounds selected from among
hydroxides, oxides, oxidehydroxides, oxide hydrates, car-
bonates and hydroxidecarbonates are reacted with phospho-
ric acid having a concentration in the range from 5% to 50%,
any iron(Il) present after the reaction is converted into iron
(IIT) by addition of an oxidant and solid iron(III) orthophos-
phate is separated off from the reaction mixture.

8 Claims, 2 Drawing Sheets
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Figure 1a: A scanning electron micrograph of an iron(lll) orthophosphate with
metastrengite | crystal structure, prepared in accordance with a known prior art

process from Fe(l1)SO, with phosphoric acid.
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Figure 1b: XRD spectrum of the iron(lll) orthophosphate of Figure 1a.
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Figure 2a: A scanning electron micrograph of iron(lll) orthophosphate according to
the invention, prepared from FeO as described in Example 1, which is present

predominantly in the metastrengite 1l crystal structure.

Figure 2b: shows an XRD spectrum for the iron(lll) orthophosphate of Figure 2a.
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IRON(III) ORTHOPHOSPHATE FOR LI ION
ACCUMULATORS

CROSS REFERENCE TO RELATED
APPLICATIONS

This claims priority from German Patent Application DE
1020070497573 filed Oct. 16, 2007.

BACKGROUND OF THE INVENTION

The present invention relates to iron(III) orthophosphate,
the production thereof and use thereof for the production of
LiFePO, cathode material for L.i ion accumulators.

Rechargeable Li ion accumulators are widespread energy
accumulators, particularly within the mobile electronics
domain, since the Li ion accumulator excels through its high
energy density and can deliver a high nominal voltage of 3.7
volts, so that the Li ion accumulator is significantly smaller
and lighter than conventional accumulators, but with compa-
rable capacity. Spinels such as LiCoO,, LiNiO,, LiNi,
CO, 0, and LiMn, O, have established themselves as cathode
materials. In order to increase the safety of Li ion accumula-
tors, above all in respect of thermal overload during opera-
tion, LiFePO, was developed as cathode material. This mate-
rial excels through improved performance, higher specific
capacitance and high thermal stability during operation.

High requirements in respect of purity are placed upon the
cathode material of an accumulator, since any contamination
which can give rise to undesirable redox reactions during
operation (charging or discharging) has an adverse effect
upon the performance of the accumulator. The type and con-
centration of possible contamination is essentially dependent
upon the quality of the raw materials which are used to pro-
duce the cathode material. In the production process of the
cathode material, steps can be taken to subsequently reduce
impurities, but generally this is associated with an increase in
production costs. [tis therefore desirable to use starting mate-
rials or raw materials which are as pure as possible for pro-
ducing the cathode material.

One starting material for producing LiFePO, for lithium
ion accumulators is iron orthophosphate, the purity and struc-
ture or morphology of which have a significant influence
upon the quality of the resulting cathode material.

Known processes for producing iron(II) orthophosphate
use FeSO, and FeCl; as starting materials or raw materials,
but also organometallic precursor compounds like FeC,O,
(Gmelins Handbuch der anorganischen Chemie, Eisen Teil B,
pages 773 {f.; U.S. Pat. No. 3,407,034; C. Delacourt et al.,
Chem. Mater. 2003, 15, 5051-5058; Zhicong Shi et al., Elec-
trochemical and Solid State Letters 2005, 8, A396-A399).
The phosphorus or phosphate components in these starting
materials are incorporated by a phosphate salt or phosphoric
acid. In the processes described, additions of HCI, NaOH,
NH;, NaClO; or surfactants are always needed in order to
control the chemical and physical properties of the products
obtained. This means that the materials produced in this way
always contain impurities of anions like chloride or sulphate,
cations like sodium or ammonium, or organic components.
On a large scale, these impurities can only, if at all, be
removed by extremely expensive and cost-intensive purifying
processes.

Other cationic contaminants, e.g. transition metals which
were originally contained in the raw materials used, like
FeSO, or FeCl,, cannot generally be separated or washed out
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easily because as a rule they form phosphate salts which are
not readily soluble, and usually crystallise with the desired
iron phosphate.

WO 02/30815 describes a process for the production of
LiFePO, from iron phosphate and lithium, wherein to pro-
duce the iron phosphate an iron oxide is dissolved in 85%
phosphoric acid with heating. The solution is then diluted
until the solubility limit of FePO, is reached and the material
crystallises. By fractionated dilution, undesirable metal phos-
phates are intended to be separated off which have a smaller
solubility product than FePO,. This process has the drawback
that it requires a very high energy input, and needs a lot of
water for the product to precipitate. With this process, a
soluble complex of iron forms which is stable for weeks and
crystallises only slowly. This considerably reduces the eco-
nomic yield of the product. By boiling the solution for several
days it is possible to increase the yield, but a very large
amount of energy is required. In addition, with this process, a
large quantity of diluted phosphoric acid occurs which can
only be re-used in the process after it has been concentrated.
Therefore, the process is not worthwhile either from an eco-
nomical or ecological viewpoint.

The prior art processes for producing iron phosphates have
further drawbacks if the iron phosphate product obtained is
intended for use in the production of LiFePO, for Li ion
accumulators. Important factors with respect to the suitability
of the material are the morphology and particle size distribu-
tion of the iron phosphates. The prior art processes of precipi-
tating iron phosphate usually give rise to spherical crystals of
varying size. However, they have a small surface area in
comparison to other crystal morphologies. For use as cathode
material in Liion accumulators an iron phosphate with a large
crystal surface is advantageous in order to guarantee that the
lithium ions penetrate at high speed and in large numbers.
Furthermore, it is advantageous to obtain crystals which are
small in size in order to reduce the diffusion paths and diffu-
sion times of the lithium ions. Also, a high bulk density and
compressibility of the material is desirable so that a high
energy storage density is given in the cathode material pro-
duced.

The aim of the present invention was therefore to create an
iron phosphate and a process for the production thereof,
wherein the drawbacks known from the prior art are over-
come, and which has the afore-mentioned desirable proper-
ties.

BRIEF SUMMARY OF THE INVENTION

The problem of the present invention is solved by way of a
process in which iron(Il)-, iron(IIl)- or mixed iron(Il, II)-
compounds, selected from hydroxides, oxides, oxidehydrox-
ides, oxide hydrates, carbonates and hydroxide carbonates,
are reacted with phosphoric acid with a concentration in the
range of 5% to 50%, any iron(Il) present after the reaction is
converted into iron(IIl) by addition of an oxidant, and solid
iron(IIT) orthophosphate is separated off from the reaction
mixture.

More particularly the invention is iron(IIl) orthophosphate
of'the general formula FePO,xnH,O (n<2.5), produced by a
process wherein iron(II), iron(III) or mixed iron(Il, I1I) com-
pounds selected from hydroxides, oxides, oxide hydroxides,
oxide hydrates, carbonates and hydroxide carbonates, are
reacted with phosphoric acid having a concentration in the
range of 5% to 50%, any iron(Il) present after the reaction is
converted into iron(IIl) by addition of an oxidant, and solid
iron(IIT) orthophosphate is separated from the reaction mix-
ture.
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The invention further includes iron(III) orthophosphate of
the general formula FePO,xnH,O (n 2.5) having an average
particle size of less than 1 pm; a bulk density of at least 800
g/L; a sodium content, potassium content and sulphur content
of <300 ppm each; wherein >80 wt. % of the iron(III) ortho-
phosphate is present as a metastrengite II (phosphosiderite)
crystal structure.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1a shows a scanning electron micrograph of an iron
(IIT) orthophosphate with metastrengite I crystal structure
produced in accordance with a known prior art process from
Fe(II)SO,, with phosphoric acid.

FIG. 16 shows an XRD-spectrum of the iron(IIl) ortho-
phosphate of FIG. 1a.

FIG. 2a shows a scanning electron micrograph of iron(I1)
orthophosphate according to the invention, produced from
FeO according to Example 1, which is present predominantly
in the metastrengite II crystal structure.

FIG. 2b shows an XRD spectrum of the iron(IIl) ortho-
phosphate of FIG. 2a.

DETAILED DESCRIPTION OF THE INVENTION

In order to keep the yield of impurities low, an aqueous
phosphoric acid solution is used of the highest possible purity.

In one embodiment of the invention, the iron(IIl) ortho-
phosphate is in the form of platelet-shaped crystals. These
crystals preferably have a small thickness within the range of
a few hundred nanometers, preferably <300 nm, particularly
preferably <200 nm, very preferably <100 nm. The dimen-
sions of the platelet-shaped crystals in the two dimensions
which are perpendicular to the thickness lie within the sub-
micrometer range, preferably within the range of 200 to 1000
nm, particularly preferably 300 to 900 nm, very preferably
400 to 800 nm.

In the process according to the invention, the iron com-
pounds used are mixed and reacted with the phosphoric acid
directly as powdery raw materials. Alternatively, the iron
compounds can also be freshly produced first of all by pre-
liminary precipitation, and then be further processed as filter
cakes, i.e. be mixed with phosphoric acid.

Depending upon the moisture content and type of raw
material, phosphoric acids can be used here in different con-
centrations. According to the invention, a phosphoric acid is
used in a concentration within the range of 5% to 50%. Lower
concentrations do not give the desired reaction speeds of the
iron compounds to iron orthophosphate. If the phosphoric
acid concentration is too high, the desired iron orthophos-
phate remains in solution and does not crystallise out in an
acceptable time, quantity and/or morphology.

In one preferred embodiment of the invention, the reaction
of'the iron compound with phosphoric acid is carried out with
aphosphoric acid concentration within the range of about 8%
to about 23%. This corresponds, with a pure phosphoric acid,
to a density within the range of 1.042 g/l1to 1.133 g/1.

By mixing the iron raw material with the phosphoric acid a
suspension is initially obtained which is coloured or clouded
by the proportion of solid matter of the raw material. In one
embodiment of the invention, the suspension is then heated to
a raised reaction temperature. In one embodiment of the
invention, the reaction of the iron compounds with phospho-
ric acid is carried out at a temperature within the range of 50
to 180° C., preferably within the range of 60° C. to 150° C.,
particularly preferably within the range of 70° C. to 120° C.
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The reaction of the iron compounds with phosphoric acid
occurs within a relatively short time. In one embodiment of
the invention, the reaction of the iron compounds with phos-
phoric acid is carried out for a period of from 0.5 min to 120
mins, preferably from 1 min to 60 mins, particularly prefer-
ably from 2 mins to 30 mins. The end of the reaction can be
established by a colour change taking place to a pale yellow to
pink shade.

In one embodiment of the invention, the reaction of the iron
compound with phosphoric acid is carried out with thorough
mixing of the starting materials of the reaction, preferably
with agitation. To do this, any mixers and agitators known
within the domain can be used which are suitable for such an
application. Advantageously, it is also possible to use jet
mixers, homogenisers, flow reaction cells etc. for thorough
mixing and/or movement of the reaction starting materials.

The iron(I1I) orthophosphate according to the invention is
produced by using iron(Il), iron(IlT) or mixed iron(ILIII)
compounds as starting materials. Depending upon which one
of these compounds has been used in what quantity, the
reaction mixture contains more or less iron(Il) following the
reaction with phosphoric acid. According to the invention,
this is converted into iron(II) by the addition of an oxidant.
The oxidation of iron(II) into iron(I1I1) can be carried out with
any suitable oxidant. In one embodiment of the invention, the
oxidation of any iron(Il) which may be present is carried out
by the addition of hydrogen peroxide (H,O,). In an alterna-
tive embodiment of the invention, oxidation is carried out by
supplying air or oxygen in substantially pure form. In a fur-
ther alternative embodiment of the invention, the oxidation is
carried out by supplying ozone. Oxidation by adding a suit-
able oxidant is preferably carried out directly after the end of
the reaction of the iron compounds with phosphoric acid. In
the oxidation reaction, the temperature of the reaction mix-
ture can be kept at, or close to, the temperature which was set
previously for the reaction of the iron compounds with phos-
phoric acid. Alternatively, the oxidation reaction can be car-
ried out after the reaction mixture has cooled to room tem-
perature or below. However, the course of the oxidation
reaction is usually easier and faster at increased temperature,
and for this reason the oxidation reaction is preferably carried
out at increased temperature.

The oxidation reaction is carried out until there is no iron
(II), or virtually no iron(II), left which can be detected in the
reaction mixture. The iron(IIT) orthophosphate is then sepa-
rated off from the reaction mixture. In one embodiment of the
invention, the iron(III) orthophosphate is separated off from
the reaction mixture by filtration. In alternative embodiments
of the invention, the iron(Ill) orthophosphate is separated
from the reaction mixture by sedimentation, centrifuging, or
by a combination of the afore-mentioned separation pro-
cesses. Expediently, the iron(IIl) orthophosphate which is
separated off from the reaction mixture is then dried at
increased temperature and/or at reduced pressure. Alterna-
tively, following separation, the iron(I1l) orthophosphate can
also, advantageously, be further worked in damp form.

The process for producing the iron(IIl) orthophosphate
according to the invention also has some ecological and eco-
nomical advantages over other known processes for the pro-
duction of iron(IIl) phosphates. The mother liquor which
remains following separation of the iron(IIl) orthophosphate
contains essentially no contaminating conversion products,
such as for example, sulphates or chlorides, which remain
behind in known prior art processes in which iron sulphate or
iron chloride are used as starting materials. The mother liquor
from the process according to the present invention can there-
fore be readjusted to the desired concentration by the addition
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of concentrated phosphoric acid, and can therefore be fully
recycled in the process. This saves money and avoids unde-
sirable waste.

The iron(IIl) orthophosphate according to the invention
also differs structurally and with respect to its composition or
impurities from iron(III) orthophosphate which has been pro-
duced according to prior art known processes. Amongst other
things, the starting materials used contribute to this: iron(Il),
iron(IlT) and mixed iron(Il, III) compounds which are
selected from hydroxides, oxides, oxidehydroxides, oxide
hydrates, carbonates and hydroxide carbonates, inter alia.
Contrary to the present invention, known prior art processes
for the production of iron(IIl) orthophosphate employ iron
sulphate or sulphate-containing raw materials, amongst oth-
ers, and the trend of the pH-value of the reaction is controlled
by caustic soda solution. The iron phosphate products
obtained therefore contain large residues of sulphate and
sodium, which, in turn, have an adverse effect upon the per-
formance of the LiFePO, cathode materials for Li ion accu-
mulators produced from the iron phosphates.

In one embodiment of the present invention, the iron(II)
orthophosphate therefore has a sulphur content of <300 ppm.
In another embodiment of the present invention, the iron(I1)
orthophosphate nitrate content is <100 ppm. An excessive
content of sulphur, mostly present in the form of sulphate, and
an excessive nitrate content adversely affect the quality of a
LiFePO, cathode material for Li ion accumulators produced
from the iron(I1l) orthophosphate, since these anions produce
undesirable redox reactions. In another embodiment of the
invention, the iron(III) orthophosphate has respective sodium
and potassium contents of <300 ppm. Sodium and potassium
cations likewise have an adverse effect upon the quality of a
LiFePO, cathode material produced from iron(Ill) ortho-
phosphate, since they can occupy lithium positions.

The properties of the product according to the invention,
namely of the iron(IIl) orthophosphate according to the
invention are therefore significantly influenced by the process
for their production and by the starting materials used for their
production, and they differ from the iron(IIl) orthophosphate
of the prior art.

Iron(I1) orthophosphates produced from iron sulphate or
iron chloride in accordance with generally known processes
also have differences in respect of crystal structure. X-ray
structural examinations have shown that iron(III) orthophos-
phate produced from iron sulphate or iron chloride according
to the prior art is present predominantly in the metastrengite
I-structure with small proportions of strengite and metas-
trengite II (phosphosiderite). On the other hand, X-ray struc-
tural examinations on iron(Ill) orthophosphates produced
according to the invention have established that these latter
are present predominantly in the metastrengite II structure
(phosphosiderite) with very small or undetectable propor-
tions of strengite and metastrengite 1.

In one embodiment of the iron(I1l) orthophosphate accord-
ing to the invention, >80 wt. %, preferably >90 wt. %, par-
ticularly preferably >95 wt. %, of the iron(IIl) orthophos-
phate is present in the metastrengite II (phosphosiderite)
crystal structure.

The occurrence of the three afore-mentioned allotropic
forms of iron(IIl) orthophosphate (metastrengite I, metas-
trengite [T and strengite) is likewise described in the literature,
as is the difficulty of producing a phase-pure system (C.
Delacourt et al., Chem. Mater. 2003, 15, 5051-5058). In the
face of the reservations expressed in the literature, the inven-
tors have now discovered that by employing the process
described here the iron(I1I) phosphate can be represented in a
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significantly purer form in the metastrengite II structure and
also in a pH-value range which is determined solely by the
phosphoric acid.

The iron(Ill) orthophosphate according to the invention
has a platelet-shaped morphology with metastrengite II struc-
ture. This structure permits closer packing of the crystallites
and particles with less exclusion volume than spherical par-
ticles. With the iron(IIl) orthophosphate according to the
invention high bulk densities can therefore be realised, which
is particularly advantageous for use in LiFePO, cathode
materials. A smaller thickness of the crystal platelets ensures,
for example, a fast reaction rate during production of
LiFePO, as well as higher performance of the finished cath-
ode material, since the diffusion paths and diffusion times of
the Li ions can be considerably reduced in comparison with
conventional material.

In one embodiment, the iron(IIl) orthophosphate accord-
ing to the invention has, at least in one dimension, an average
primary particle size of <1 pum, preferably <500 nm, particu-
larly preferably <100 nm. Furthermore, in one preferred
embodiment, the iron(IlI) orthophosphate according to the
invention has a bulk density of >600 g/1, preferably of >800
g/l, particularly preferably of >1000 g/1.

The iron(Ill) orthophosphate according to the invention
thus reveals a very fine primary particle size, but, nonetheless,
at the same time, a very high bulk density. In comparison to
the prior art, this was surprising. Iron(IIl) orthophosphates
produced from iron sulphate or iron chloride in accordance
with generally known processes normally have a primary
particle size of >1 pm, whereby high bulk densities of >1000
g/l can also be realised. If these known processes based on
iron sulphate or iron chloride are used to produce correspond-
ing iron(IIl) orthophosphates with smaller primary particle
sizes within the sub-micrometer range, then only small bulk
densities of up to 400 g/1 can be obtained. The reasons for this
presumably lie in the particle morphology and particle size
distribution which are influenced by crystal structure. The
morphology of iron(II1) phosphates which are produced from
iron sulphate or iron chloride in accordance with generally
known processes consists predominantly of spherical par-
ticles, whereas the iron(III) orthophosphate according to the
invention has the afore-described morphology with a high
proportion of angular, plate-shaped crystals (see FIGS. 1a
and 2a).

The present invention comprises the product, iron(IIl)
orthophosphate per se, as described herein and in the appen-
dant claims, and also the process described herein for the
production thereof, the use thereof for the production of
LiFePO, cathode material for Li ion accumulators. Further-
more, the present invention comprises LiFePO, cathode
material for Li ion accumulators, produced by using iron(I1I)
orthophosphate, as described and claimed herein, and Li ion
accumulators which comprise a LiFePO, cathode material of
the afore-mentioned kind.

Further advantages, features and embodiments of the
present invention will become apparent from the following
examples which describe the present invention, but which are
not intended to form limitations thereof.

Example 1

2.4 1 phosphoric acid solution with a density of 1.121 g/l
was heated to 92° C. and then mixed with 130 g Fe,O,
(FarbuHuzhou Huaman Chem. Ind. Co. Ltd.). The reaction
mixture was stirred, and after 11 mins a colour change to grey
took place, which was considered as an indication of the end
of'the reaction. At the previously set temperature, 35 ml 35%
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H,0, was then added in drop-wise manner over a period of 6
minutes, in order to oxidise iron(Il) present in the reaction
mixture into iron(III). The content of iron(Il) in the reaction
mixture was monitored using suitable test strips by Merck. As
soon as no more iron(Il) could be detected, the pink-grey
coloured preparation was stirred for a further 15 mins. The
colour changed to pink The product was filtered off, and dried
at 150° C. at atmospheric pressure.

Moist yield: 370 g

Dry yield: 305 g

Yield in % 96.7

Bulk density: 920 g/1

Example 2

1 1phosphoric acid solution with a density of 1.133 g/1 was
heated to 95° C. and then mixed with 92 g freshly precipitated
iron hydroxide (solid content ca. 63%). After S mins, a colour
change to grey took place. At the previously set temperature,
22 ml 35% H,O, was added in drop-wise manner over a
period of 4 minutes. The reaction mixture was then main-
tained at 100° C. for another 19 mins until the colour changed
to pink The product was filtered off, and dried at 150° C. at
ambient pressure.

Moist yield: 214 g
Dry yield: 124 g
Yield in %: ca. 93
Bulk density: 890 g/1

Example 3

2.7 1 phosphoric acid solution with a density of 1.09 g/l was
heated to 90° C., and then mixed with 200 g of a filter cake of
freshly precipitated iron hydroxide carbonate (solid content
ca. 48%). During the portion-wise addition, the temperature
increased to 96° C. After 5 mins, a colour change took place
to red-grey. 20 g 35% H,O, was then added over a period of
4 mins. The content of iron(II) was again monitored using
appropriate test sticks by Merck. The deposit was then stirred
for a further 15 mins, filtered and dried at 150° C. in an
ambient atmosphere.

Moist yield: 193 g
Dry yield: 128 g
Yield in %: ca. 96
Bulk density: 810 g/1
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What is claimed is:

1. Iron(I1I) orthophosphate of the general formula FePO,x
nH,O (n less than or equal to 2.5), said iron(III) orthophos-
phate being in the form of platelet shaped crystals having an
average primary particle size with a thickness ofless than 300
nm and at least one dimension perpendicular to the thickness
having a size of less than 1 um, the iron (III) orthophosphate
having a bulk density greater than 600 g/1, a sodium content,
potassium content and a sulphur content of less than 300 ppm
each and wherein greater than 80 wt. % of the iron (III)
orthophosphate being present in the metastrengite II crystal
structure, produced by a process including

reacting iron(Il), iron(I1I) or mixed iron(1l, IIT) compounds

selected from the group consisting of hydroxides,
oxides, oxidehydroxides, oxide hydrates, carbonates
and hydroxidecarbonates, with phosphoric acid having a
concentration in the range of 5% to 50% at atemperature
within the range of 50° C. to 180° C. and for a period of
time from 0.5 min. to 120 min.,

converting any iron(II) present after the reaction into iron

(IIT) by addition of an oxidant, and

separating solid iron(III) orthophosphate from the reaction

mixture.

2. Iron(I1I) orthophosphate according to claim 1, wherein
the reaction of the iron compounds with phosphoric acid is
carried out at a temperature within the range of 60° C. to 150°
C.

3. Iron(III) orthophosphate according to claim 2 wherein
the reaction of the iron compounds with phosphoric acid is
carried out with vigorous mixing.

4. Iron(III) orthophosphate according to claim 1 wherein
the reaction of the iron compounds with phosphoric acid is
carried out for a period of from 1 min to 60 minutes.

5. Iron(III) orthophosphate according to claim 1 wherein
the reaction of the iron compounds with phosphoric acid is
carried out at a phosphoric acid concentration within the
range of 8% to 23%.

6. Iron(I1I) orthophosphate according to claim 1 wherein
oxidation of any iron(II) which is present is carried out by the
addition of an oxidant selected from the group consisting of
hydrogen peroxide, air, pure oxygen and ozone.

7. Iron(III) orthophosphate according to claim 1 wherein
following separation from the reaction mixture the iron(I1I)
orthophosphate is dried at at least one of increased tempera-
ture and reduced pressure.

8. Iron(I1I) orthophosphate according to claim 1 having a
nitrate content of less than 100 ppm.
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