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charge of the batteries. The coexistence of mixed valence states for Fe (i.e. Fe VFe ) is believed to increase the electronic conduc-
tivity in the room temperature single phase Li,FePO, material, compared to state of the art two-phase materials. This, together with
the nanometric size of the particles and their sharp monomodal size distribution, contributes to the exceptional high-rate capability

demonstrated in batteries.
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Room temperature single phase Li insertion/extraction material for

use in Li-based battery

This invention relates to crystalline nanometric materials, in particular to
Li\FePO4 (0<x<1) powder, showing an unusual single phase Li
Insertion/extraction mechanism at room temperature (25 °C) when used

as positive electrode material in Li-based batteries.

Some years after the original work from Padhi et al. (J. Electrochem. Soc.,
144, 1188 (1997)) was published, phospho-olivines LiIMPO4 (with M is Fe,
Mn, Co...) nhow appear to be potential candidates as positive electrode
materials for rechargeable lithium batteries. Thanks to smart processing,
e.g. by carbon coating, Li* ions may be extracted out of LiFePO, leading to
room-temperature capacities of about 160 mAh/qg, i.e. close to the
theoretical capacity of 170 mAh/g. The room-temperature Li
insertion/extraction is well known, e.g. from W02004/001881, to proceed

at 3.45 V vs. Li*/Li, in a two-phase reaction between LiFePQO, and FePQ,.

Note that, as raised by Striebel et al. (J. Electrochem. Soc., 152, A664
(2005)) while making a compilation of tests of various carbon-coated
LiFePO4 compounds, even if the matrix conductivity has been improved by
coating, the battery developer would welcome so-far inexistent compounds
having a primary particle size in the 50 - 100 nm range and, overall,
attempts should be made to minimise the particle size distribution, in order

to yield better power efficiency.

WQ02004/056702 and W0O2007/00251 teach techniques to decrease the
average particle size down to the 140 - 150 nm range. Nevertheless, it is
admitted by the skilled persons that decreasing the particle size below
these values would allow a further increase of the high-power

performances.

Various authors, e.g. Yamada et al. (Electrochem. Solid State Let., 8, A409
(2005)) and in US2007/0031732, have shown that reducing the particle
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size would allow some deviation from the well described two-phase Li

insertion/extraction behaviour. Indeed, materials showing small particle
sizes exhibit some limited solid solution (i.e. single phase) domains at
room temperature, namely of Li-poor Lix\FePO,4 (x<0.15) and of Li-rich
Li,FePO4 (y>0.85). Although it was recognized that the x and y limits,
which represent the boundaries of the two-phase domain, may depend
upon both the particle size and the particular conditions of the synthesis,
materials with a significantly broader single phase domain were never

obtained.

The recent discovery of a complete single phase LisFePQO4 (0<x<1) solid
solution at temperatures of around 350 °C has spurred great interest in
assessing its role in the performance of LiFePO,4 as cathode material for Li-
ion batteries. Nevertheless, whatever the x values, it was clearly
demonstrated that the solid solution could not be stabilised at room
temperature, thus making it of limited practical interest as standard
battery material (Delacourt et al., Nature Mat., 4, 254 (2005); Dodd et al.,
Electrochem. Solid State Let., 9, A151 (2006)).

The most obvious distinction between a single phase and a two-phase
insertion/extraction mechanism is that the equilibrium potential (EMF) of a
single phase system is composition-dependent, while that of a two-phase
system is constant over the entire composition range. A single phase
electrode will thus show a sloping voltage curve during charge or discharge
cycles: this is welcomed by the battery manufacturer as it enables
monitoring of the state of charge at reduced cost compared to systems

presenting a flat voltage curve.

Also, it is now admitted that in the two-phase system LiFePO4/FePO4, both
end members present very limited electronic conductivity, and that no

mixed valence state is present either in FePO, (Fe™) or in LiFePQ, (Fe!")
(Delacourt et al., Electrochem. Soc., 152, A913 (2005). As emphasized by
Chiang et al. in U52007/0031732, greater population of both Fe species at

every point within the deintercalation range could provide a higher
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electronic conductivity for the material. A good material conductivity is

particularly advantageous with respect to high drain applications.

The same quest for enhanced material conductivity applies to similar active
materials for Li batteries, such as LiIMnPO4 and in Li(Fe,M)PQO4 (with M is Co
and/or Mn), as reported respectively in unpublished European patent
applications 06292049 and 06292048.

Further, in US2006/0035150 A1, for the preparation of coated LiFePOQOy,,
sources of Li, Fe and phosphate are dissolved in an aqueous solution
together with a polycarboxylic acid and a polyhydric alcohol. Upon water
evaporation, polyesterification occurs while a mixed precipitate is formed
containing Li, Fe and phosphate. The resin-encapsulated mixture is then

heat treated at 700 °C in a reducing atmosphere.

In WO2007/000251 A1, a direct precipitation process is described for

preparing crystalline LiFePO4 powder, comprising the steps of:

- providing a water-based mixture having at a pH between 6 and 10,
containing a water-miscible boiling point elevation additive, and Li", Fe!™

and PY) as precursor components:

- heating said water-based mixture to a temperature less than or equal to
its boiling point at atmospheric pressure, thereby precipitating crystalline
LiFePO4 powder.

An extremely fine 50 to 200 nm particle size is obtained, with a narrow

distribution.

In US2004/0175614 A1, a process is disclosed for the manufacture of

LiFePQO4, comprising the steps of
- providing an equimolar aqueous solution of Li'*, Fe’* and PO,

- evaporating the water from the solution, thereby producing a solid

mixture,
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- decomposing the solid mixture at a temperature below 500 °C to form a

pure homogeneous Li and Fe phosphate precursor, and

- annealing the precursor at a temperature of less than 800 °C in a

reducing atmosphere, thereby forming a LiFePO4 powder.

The obtained powders have a particle size of less than 1 pm.

In Delacourt et al., Solid State Ionics 173 (2004) 113-118, the
thermodynamics and kinetics governing the precipitation of pure powders
of phosphates phases for Li batteries are described. Optimized electrodes
were synthesized through a chemical conductive carbon coating at the

I11

surface of LiFePO4 prepared by evaporation of an Fe "'-containing aqueous

solution.

The disclosed process is aimed at providing a material with a higher
conductivity than that of conventional materials, and at solving the

monitoring problem of the state of charge.

To this end, a powdered Li insertion/extraction material is disclosed,
comprising Lix(M,M")PO,4 as an active component, wherein 0<x<1, M is one
or more cations selected from the group consisting of Mn, Fe, Co, Ni, Cu,
and M' is an optional substitutional cation selected from the group
consisting of Na, Mg, Ca, Ti, Zr, V, Nb, Cr, Zn, B, Al, Ga, Ge, Sn,
characterized in that said material is a single phase material that is
thermodynamically stable at 25 °C during Li insertion/extraction, for x
varying from less than 0.2 to more than 0.8. In the above formula, M is
preferably Fe; moreover, an M to M' molar ratio of more than 5, and
preferably of more than 8, is advised. When M is Fe and M/M'>5, then the
invented material is typically characterized by a crystallographic cell
volume lower than 291 A3, preferably equal to or lower than 290 A3, and
more preferably equal to or lower than 289 A3. This volume is deduced

from XRD measurements using a Pmna or Pmnb space group.
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The invented material is a powder with a preferred particle size distribution

with a d50 of less than 50 nm, and preferably between 10 and 50 nm. A
d99 of less than 300 nm, and preferably of less than 200 nm is advised.
Moreover, a mono-modal particle size distribution where the ratio (d90-
d10)/d50 is less than 1.5, preferably less than 1.2, is advised.

Another aspect of the invention concerns a process for the synthesis of the
above-described Lix(M,M')PO, materials. The process comprises the steps
of:

- providing a first water-based mixture having a pH between 6 and 10,
containing a bipolar (i.e. water miscible) aprotic additive, and Li and P
precursors introduced as LiY and PV’:

- adding an M precursor as M), and an M' precursor, to said first water-
based mixture, thereby obtaining a second water-based mixture;

- heating said second water-based mixture to a temperature of less than or
equal to its boiling point at atmospheric pressure, thereby precipitating the

powdered Li insertion/extraction material.

In a preferred embodiment, Li'" is introduced as LiOH.H,0, and P as
HsPQ,4. It is advisable to adjust the pH of the first mixture by using a
proper ratio of LIOH.H>O and H3PO4. The also process covers the synthesis
Lix(M,M")PQO,4, wherein M = Fe, M' being absent, and wherein the pH of the
first water-based mixture is between 6.5 and 8, and preferably between
6.5 and /.5.

The bipolar aprotic additive is preferably selected and dosed so as to
elevate the atmospheric boiling point of the second water-based mixture to
between 100 and 150 °C, preferably between 105 and 120 °C.
Dimethylsulfoxide is a preferred additive. The first water-based mixture
contains between 5 and 50 %mol, and preferably between 10 and 30

%mol of dimethylsulfoxide.

In a still preferred embodiment, the precipitating powdered Li

insertion/extraction material is subjected to a thermal post-treatment by
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6
heating it in non-oxidising conditions, at a temperature of up to 650 °C,

and preferably of at least 300 °C.

In a still preferred embodiment, an electron conducting substance, or its
precursor, is added to either one or more of the first water-based mixture,
the second water-based mixture, and the powder before the thermal post-
treatment. The electronic conducting substance can advantageously be
carbon, in particular conductive carbon or carbon fibres, and the precursor
of the electron conducting substance can be a carbon-based polymerizable

structure.

Another aspect of the invention concerns a secondary Li-based battery,
comprising an anode, an electrolyte and a cathode, said cathode

comprising the above-described material.

Yet another aspect of the invention concerns an electrode mix for

secondary Li-based batteries, comprising the above-described material.

A first embodiment is related to an electrode mix for secondary Li-based
batteries with non-aqueous liquid electrolyte, comprising at least 80 %wt
of the invented material, characterised by a reversible capacity of at least
75 % of the theoretical capacity (about 170 mAh/g), when used as an
active component in a cathode cycled between 2.5 and 4.5 V vs. Li*/Li at a
discharge rate of 0.1 C at 25 °C. The amount of additives (binder and
carbon) in the electrode mixture can be limited to less than 20 %wt,
preferably to less than 10 %wt, because the mixture, being pasted on a

current collector, needs not to be self-supporting for this type of batteries.

A second embodiment is related to an electrode mix for secondary Li-based
batteries with non-aqueous gel-like polymer electrolyte, comprising at
least 80 %wt of the invented material, characterised by a reversible
capacity of at least 75 % of the theoretical capacity when used as an
active component in a cathode cycled between 2.5 and 4.5V vs. Li*/Li at a

discharge rate of 0.1 C at 25 °C. The amount of additives in the electrode
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mixture can be as high as 20 %wt in this case, because the mixture, being

rolled in the form of a sheet to be laminated to a current collector, needs

to be self-supporting during assembly of this type of batteries.

A third embodiment is related to an electrode mix for secondary Li-based
batteries with non-aqueous dry polymer electrolyte, comprising at least 70
%wt of the invented material, characterised by a reversible capacity of at
least 75 % of the theoretical capacity, when used as an active component
in a cathode cycled between 2.5 and 4.5 V vs. Li*/Li at a discharge rate of
0.1 C at 25 °C.

A further embodiment concerns a secondary Li-based battery with an
electrode comprising nanometric powdered Lix(M,M")PO,4 as an active
component, wherein 0<x<1, M is one or more cations selected from the
group consisting of Mn, Fe, Co, Ni, Cu, and M'is an optional substitutional
cation selected from the group consisting of Na, Mg, Ca, Ti, Zr, V, Nb, Cr,
Zn, B, Al, Ga, Ge, Sn, characterized in that the contribution of said
electrode to the EMF of the battery at 25 °C varies continuously with the
state of charge by more than 0.05 V, for x varying from 0.2 to 0.8. In the
above formula, M is preferably Fe; moreover, an M to M' molar ratio of
more than 5, and preferably of more than 8, is advised. When M is Fe and
M/M'>5, then the said nanometric powdered active component is typically
characterized by a crystallographic cell volume lower than 291 A3,
preferably equal to or lower than 290 A3, and more preferably equal to or
lower than 289 A3. This volume is deduced from XRD measurements using

a Pnma or Pmnb space group.

By "continuously varying EMF" is meant a continuously sloping
charge/discharge voltage curve. This slope, according to the present
invention, amounts to at least 5 mV per inserted/extracted Li, and
preferably to at least 15 mV per inserted/extracted Li, and this along the

complete charge/discharge cycle.
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The said nanometric powdered active component has a preferred particle

size distribution with a d50 of less than 50 nm, and preferably between 10
and 50 nm. A d99 of less than 300 nm, and preferably of less than 200 nm
IS advised. Moreover, a mono-modal particle size distribution where the
ratio (d90-d10)/d50 is less than 1.5, preferably less than 1.2 is advised.

[t should be noted that, in the invented material, M and M' are considered
as at least partially interchangeable, whilst however respecting

electroneutrality rules assuming Li¥, MDD MDDt V) "gng pV),

Products finer than 10 nm are not particularly advisable, as they could lead

to processability problems during electrode manufacturing.

According to the invented process, the first water-based mixture has a pH
between 6 and 10, preferably 6 to 8, in order to avoid precipitation of

LisPO4 as impurities.

Use is made of a bipolar additive as a co-solvent that will increase the
precipitate nucleation kinetics, and thus reducing the size of the room
temperature single phase Li insertion/extraction LixFePO4 (0<x<1)
nanometric particles. In addition to being bipolar, i.e. miscible with water,
useful co-solvents should be aprotic, i.e. show only a minor or complete
absence of dissociation accompanied by release of hydrogen ions. Co-
solvents showing complexation or chelating properties such as ethylene
glycol do not appear suitable as they will reduce the kinetics of
precipitation of Lii\MPO4 and thus lead to larger particle sizes. Suitable
dipolar aprotic solvents are dioxane, tetrahydrofuran, N-(C;-C;g-
alkyl)pyrrolidone, ethylene glycol dimethyl ether, C;-C4-alkylesters of
aliphatic C;-Cg-carboxylic acids, C,-Cg-dialkyl ethers, N,N-di-(C;-C4-
alkyl)amides of aliphatic C;-C4-carboxylic acids, sulfolane, 1,3-di-( C1-Cg-
alkyl)-2-imidazolidinone, N-(C;-Cg-alkyl)caprolactam, N,N,N', N'-tetra-(C;-
Cs-alkyl)urea, 1,3-di-(C,;- Cg-alkyl)-3,4,5,6-tetrahydro-2(1H)-pyrimidone,
N,N,N',N'-tetra-(C;-Cg-alkyl)sulfamide, 4-formylmorpholine, 1-

formylpiperidine or 1-formyipyrrolidine, in particular N-( C;-C,s-
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alkyl)pyrrolidone, N,N-di-( C,-C4-alkyl)amid- e of aliphatic C;-C4-carboxylic
acids, 4-formylmorpholine, 1-formylpiperidine or 1-formylpyrrolidine,
preferably N-methylpyrrolidone (NMP), N-octylpyrrolidone, N-
dodecylpyrrolidone, N,N-dimethylformamide, N,N-dimethylacetamide, 4-
formylmorpholine, 1-formylpiperidine or 1-formylpyrrolidine, particularly
preferably N-methylpyrrolidone, N,N-dimethylformamide, N,N-
dimethylacetamide or hexamethylphosphoramide. Other alternatives such
as tetraalkyl ureas are also possible. Mixtures of the abovementioned
dipolar aprotic solvents may also be used. In a preferred embodiment,

dimethylsulfoxide (DMSOQO) is used as solvent.

It cannot be excluded that the novel room temperature single phase
insertion/extraction material could lead to a two-phase system at
temperatures well below 25 °C, such as below 10 °C. This phase transition
should however be reversible. Its effect should therefore only minimally

affect the operation of batteries in most practical circumstances.

The disclosed process leads to an initial material that may contain traces of
Fe', Due to the nanometric particle size, some Fe!"™ could arise from a
deviation from stoichiometry at the surface of the material. The presence
of Fe"™ could also be due to a second amorphous phase, most likely
LiFePO4(OH) or FePO4.nH,0, at the surface of the crystals or at grain
boundaries. The skilled person may minimize the Fe!"™ by working under
reducing atmosphere or by relying on reducing agents such as hydrazine
or SO,. The possible Li deficit in the initial material could moreover be
compensated during the first full discharge cycle of the battery if the
environment is able to provide the necessary Li (as it is likely the case in

many practical batteries).

Compared to state of the art LiFePO4 materials, the advantages of the
invented material are:
- a sloping charge/discharge curve, allowing direct monitoring of the state

of charge by simple potential measurement;
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- @ nanometric particles size, which alleviates kinetic limitations due to Li

ion transport within the particles, and allows fast charge/discharge of the
battery;

- a narrow particle size distribution, ensuring a homogeneous current
distribution within the battery; this is again especially important at high
charge/discharge rates, where finer particles would get more depleted than
coarser ones, a phenomenon leading to the eventual deterioration of the
particles and to the fading of the battery capacity upon use; a narrow
particle size distribution furthermore facilitates the manufacture of
electrodes;

- the coexistence of mixed valence state for Fe (i.e. Fe'"™M/Fe!!™) which is
believed to increase the electronic conductivity of the room temperature
single phase LiyFePO4 material compared to state of the art two-phase

materials, represented as (1-x)FePO4+XxLiFePO, (0<x<1).

Summary of the Figures

Fig. 1: Galvanostatic charge/discharge curve of the invented material at 25
°C and C/20 rate, showing a sloping voltage curve. The plot shows the
voltage of the battery as a function of the normalized capacity; 0 % state
of charge (SOC) corresponds to starting LiFePO4 material, while 100 %

corresponds to charged delithiated FePO4 material.

Fig. 2: FEG-SEM picture of product of the Example, showing the small

particle size and the sharp particle size distribution.

Fig. 3: Volumetric particle size distribution and cumulative distribution (%
vs. nm) for the product of the Example showing d50 values about 45 nm,
while the relative span, defined as (d90-d10)/d50, is about 1.2 (d10=25
nm, d90=79 nm).

Fig. 4: In situ XRD recorded at different states of charge and at 25 °C for
invented material; 0 % state of charge (SOC) corresponds to starting
LiFePO4 material, while 100 % corresponds to charged delithiated FePO,

material
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Fig. 5: Evolution with composition of the cell parameters for LiyFePO,
(0O<x<1) calculated from the in situ XRD recorded at measured at 25 °C at
different states of charge. This clearly shows a continuous solid solution
between LiFePO4 and FePO4 with continuous variation between the limiting
values of the cell parameters as the lithium concentration varies from 1 to
0.

Fig. 6: Galvanostatic charge/discharge curve of state of the art material at
25 °C and C/20 rate, showing the constant voltage curve. The plot shows
the voltage of the battery as a function of the normalized capacity; 0 %
state of charge (SOC) corresponds to starting LiFePO4 material, while 100

% corresponds to charged delithiated FePO4 material.

Fig. 7. in situ XRD recorded at different states of charge for state of the art
products; 0 % state of charge (SOC) corresponds to starting LiFePO,

material, while 100 % corresponds to charged delithiated FePO, material.

Fig. 8: Evolution with composition of the cell parameters for
(1-x)FePO4+xLiFePO,4 (0<x<1) calculated from the in situ XRD recorded at
different states of charge. This clearly shows a classical two-phase system,

the proportion of each end member varying with the lithium concentration

in the material.

Example

The invention is further illustrated in the following example.

In a first step, DMSO is added to a solution of 0.1 M H5PQy,, diluted in H,0
under stirring. The amount of DMSO is adjusted in order to reach a global

composition of 50 %vol. water and 50 %vol. DMSO.

In a second step, an aqueous solution of 0.3M LIiOH.H,0 is added at 25 °C
in @ quantity so as to increase the pH up to a value between 6.5 and 7.5,

and leading to the precipitation of Li;POQa..
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In a third step, a solution of 0.1M Fe(II) in FeS04.7H,0 is added at 25 °C.
This is believed to lead to the re-dissolution of LisPO4. The final Li:Fe:P
ratio in the solution is close to 3:1:1. By adding the Fe(Il) precursor after
the pH of the solution has been set at a certain value between 6.5 and 7.5,
it is possible to perform a controlled precipitation of Fe-species resulting in

much lower particle sizes than obtained in the prior art.

In a fourth step, the temperature of the solution is increased up to the
solvent boiling point, which is 108 to 110 °C. After 6 h, the obtained

precipitate is filtered and washed thoroughly with water.

The powdery precipitate is pure crystalline LiFePQ4, according to XRD
measurements. The full pattern matching refinement done on XRD pattern
(Pmnb space group) leads to cell parameters a=10.294 A, b=5.964 A and
c=4.703 A, corresponding to a crystallographic cell volume of 288.7 A3.
The FEG-SEM picture on Fig. 2 shows monodisperse small crystalline
particles in the 30 to 60 nm range. The volumetric particle size distribution
of the product was measured by using image analysis. As shown in Fig. 3,
the d50 values is about 45 nm, while the relative span, defined as (d90-
d10)/d50, is about 1.2 (d10=25 nm, d90=79 nm).

A slurry is prepared by mixing the LiFePO4 powder obtained with the
process described above with 10 %wt carbon black and 10 %wt PVDF into
N-Methyl Pyrrolidone (NMP) and deposited on an Al foil as current
collector. The obtained electrode containing 80 %wt active material is used
to manufacture coin cells, using a loading of 6 mg/cm?2 active material. The
negative electrodes are made of metallic Li. The coin cells are cycled in
LiBF4 based electrolyte between 2.5 and 4.0 V. Fig. 1 shows that high
reversible capacity is obtained at low rate with a sloping voltage curve
upon cycling characteristic of a single phase Li insertion/extraction
mechanism. It should be emphasised that the curve of Fig. 1 has been
recorded in galvanostatic conditions, and, as such, only approximates the

EMF of the electrode. The EMF is in this case varying continuously as a
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function of Li insertion/extraction; the slope of the EMF curve is thus

definitely nonzero, although it might be slightly less pronounced than in

the figure.

Fig. 4 shows in situ XRD data collected in the battery upon cycling. It is
clearly visible on Fig. 5 that the insertion/extraction proceeds from LiFePO4
to FePO,4 with a continuous evolution of the cell parameters, which
evidences the presence of a single LiysFePO4 (0<x<1) phase. It also
emphasizes the good reversibility of this single phase mechanism upon

cycling.

Counter example

As a counter example, materials are synthesised according to the example
illustrating W0O2007/000251. Compared to the example according to the
invention, one notes that the order of addition of the reactants is different;
this change is of crucial importance with respect to the final particle size of
the precipitated material, this latter being about 130 to 150 nm for product
precipitated according to the mentioned prior art. It is understood that the
difference between the present invention and this prior art lies in the fact
that the Fe-precursor is added to a solution having already a fixed and
stable pH, between 6.5 and 7.5; whilst in the prior art the Fe-precursor is
added to a solution having a pH of less than 6, whereafter the addition of

the Li-precursor raised the pH to around 7. The Fe-precursor can also be

added in a solid form.

Also, the obtained counter example material, as characterized by Rietveld
refinement from XRD pattern, shows a crystallographic cell volume of
291.7 As,

With his material, batteries are prepared as described above. Fig. 6 shows
the charge/discharge curve of the prior art material at room temperature
and C/20 cycling rate. There is a constant voltage plateau, which is
characteristic of a two-phase Li insertion/extraction mechanism. It should

be emphasised that the curve of Fig. 6 has been recorded in galvanostatic
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conditions, and, as such, only approximates the EMF of the cell. The EMF is
in this case constant, the slope of the EMF as a function of Li

insertion/extraction being essentially zero.

Fig.7 shows in situ XRD recorded at different state of charge/discharge.
The evolution of the cell parameters is illustrated in Fig. 8. This clearly
shows a classical two-phase system, the proportion of each end member

FePO4 and LiFePO4 varying with the lithium concentration in the material,
10 as opposed to the product according to the invention.
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Claims

1. A Liinsertion/extraction powdered material comprising Lix(M,M")PO,
as an active component, wherein 0<x<1, M is one or more cations selected
from the group consisting of Mn, Fe, Co, Ni, Cu, and M' is an optional
substitutional cation selected from the group consisting of Na, Mg, Ca, Ti,
Zr, V, Nb, Cr, Zn, B, Al, Ga, Ge, Sn, characterized in that said active
component is a single phase material that is thermodynamically stable at
25 °C during Li insertion/extraction, for x varying from less than 0.2 to

more than 0.8.
2. A material according to claim 1, characterized in that M is Fe.

3. A material according to claims 1 or 2, characterized in that the M to

M' molar ratio is more than 5.

4. A material according to claims 2 and 3, characterized by a
crystallographic cell volume lower than 291 A3, preferably equal to or

lower than 290 A3, and more preferably equal to or lower than 289 A3,

5. A material according to any one of claims 1 to 4, characterized in a
particle size distribution with a d50 of less than 50 nm, and preferably

between 10 and 50 nm.

6. A material according to any one of claims 1 to 5, characterized in a
particle size distribution with a d99 of less than 300 nm, and preferably of

less than 200 nm.

/. A material according to any one of claims 1 to 6, characterized in a
mono-modal particle size distribution where the ratio (d90-d10)/d50 is less

than 1.5, preferably less than 1.2.

8. A process for preparing a powdered Li insertion/extraction material
according to the formula Lix(M,M")PO4, wherein 0<x<1, M is one or more

cations selected from the group consisting of Mn, Fe, Co, Ni, Cu, and M' is
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an optional substitutional cation selected from the group consisting of Na,

Mg, Ca, Ti, Zr, V, Nb, Cr, Zn, B, Al, Ga, Ge, Sn, comprising the steps of:
- providing a first water-based mixture having a pH between 6 and 10,
containing a bipolar aprotic additive, and Li and P precursors introduced as
Li'" and P,

- adding an M precursor as M, and an M' precursor, to said first water-
based mixture, thereby obtaining a second water-based mixture;

- heating said second water-based mixture to a temperature of less than or
equal to its boiling point at atmospheric pressure, thereby precipitating the

powdered Li insertion/extraction material.

9. A process according to claim 8, characterised in that at least part of
the Li" is introduced as LiOH.H,O.

10. A process according to claims 8 or 9, characterised in that at least
part of the PV is introduced as H;PQ..

11. A process according to claims 9 and 10, characterised in that the pH
of the first water-based mixture is obtained by adjusting the ratio of
LIOH.H,0 to H3POy,.

12. A process according to any one of claims 8 to 11, wherein M = Fe, M’
being absent, and wherein the pH of said first water-based mixture is

between 6.5 and 8, and preferably between 6.5 and 7.5.

13. Process according to any one of claims 8 to 12, characterised in that
the bipolar aprotic additive elevates the atmospheric boiling point of the
second water-based mixture to between 100 and 150 °C, preferably
between 105 and 120 °C.

14. Process according to any one of claims 8 to 13, characterised in that

the bipolar aprotic additive is dimethylsulfoxide.
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15. Process according to claim 14, characterised in that the first water-

based mixture contains between 5 and 50 %mol, and preferably between
10 and 30 % mol of dimethylsulfoxide.

16. Process according to any one of claims 8 to 15, followed by a step of
post-treatment of the Li insertion/extraction powdered material by heating

it in non-oxidising conditions.

17. Process according to claim 16, characterised in that the step of post-
treatment is performed at a temperature of up to 650 °C, and preferably of
at least 300 °C.

18. A process according to any one of claims 8 to 17, characterised in
that an electron conducting substance, or its precursor, is added to either
one or more of the first water-based mixture, the second water-based
mixture, and the powder, before the post-treatment step according to

claim 16.

19. Process according to claim 18, characterised in that the electron
conducting substance is carbon, in particular conductive carbon or carbon

fibres.

20. Process according to claim 19, characterised in that the precursor of

the electron conducting substance is carbon-based and polymerizable.

21. A secondary Li-based battery, comprising an anode, an electrolyte
and a cathode, said cathode comprising the material according to any one

of claims 1 to 7.

22. An electrode mix for secondary Li-based batteries, comprising the

material according to any one of claims 1 to 7.

23. An electrode mix for secondary Li-based batteries with non-aqueous

liquid electrolyte, comprising at least 80 %wt of compound as set forth in
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any one of claims 1 to 7, characterised by a reversible capacity of at least

75 % of the theoretical capacity, when used as an active component in a
cathode cycled between 2.5 and 4.5 V vs. Li*/Li at a discharge rate of 0.1
C at 25 °C.

24. An electrode mix for secondary Li-based batteries with non-aqueous
gel-like polymer electrolyte, comprising at least 80 %wt of compound as
set forth in any one of claims 1 to 7, characterised by a reversible capacity
of at least 75 % of the theoretical capacity, when used as an active
component in a cathode cycled between 2.5 and 4.5 V vs. Li"/Li at a
discharge rate of 0.1 C at 25 °C.

25. An electrode mix for secondary Li-based batteries with non-aqueous
dry polymer electrolyte, comprising at least 70 %wt of compound as set
forth in any one of claims 1 to 7, characterised by a reversible capacity of
at least 75 % of the theoretical capacity, when used as an active
component in a cathode cycled between 2.5 and 4.5 V vs. Li*/Li at a
discharge rate of 0.1 C at 25 °C.

26. A secondary Li-based battery with an electrode comprising
nanometric powdered Li,(M,M")PO,4 as an active component, wherein

0<x<1, M is one or more cations selected from the group consisting of Mn,

Fe, Co, Ni, Cu, and M'is an optional substitutional cation selected from the
group consisting of Na, Mg, Ca, Ti, Zr, V, Nb, Cr, Zn, B, Al, Ga, Ge, Sn,
characterized in that the contribution of said electrode to the EMF of the
battery at 25 °C varies continuously with the state of charge by more than

0.05V, for x varying from 0.2 to 0.8.

27. A secondary battery according to claims 26, characterized in that the

M to M' molar ratio is more than 5.

28. A secondary battery according to claim 27, characterized in that M is

Fe, M' being absent.
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29. A secondary battery according to any one of claims 26 to 28,
characterized in that the nanometric powdered active component has a

particles size distribution with a d50 of less than 50 nm.
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