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SYNTHESIS OF NANOPARTICLES OF LITHIUM METAL PHOSPHATE
POSITIVE MATERIAL FOR LITHIUM SECONDARY BATTERY

Field of the invention

The invention relates to a method for manufacturing nanoparticles of olivine phosphate
LiMPO.sub.4, where M is Mn, Fe, Co, Ni, V, Cu, Ti and mix of them. This method enables
the production of a material with an olivine structure of excellent crystallinity and high purity.
The method utilises a lower processing temperature than is required to produce similar

materials via conventional methods.

Background of the invention

Insertion compounds are those that act as a solid host for the reversible insertion of guest
atoms. Cathode materials that will reversibly intercalate lithium have been studied extensively
in recent years for use as electrode materials in advanced high energy density batteries and
they form the comerstone of the emerging lithium-ion battery industry. Lithium-ion batteries
have the greatest gravimetric (Wh/kg) and volumetric (Wh/L) energy densities of currently
available conventional rechargeable systems (i.e., NiCd, NiMH, or lead acid batteries) and
represent a preferred rechargeable power source for many consumer electronics applications.
Additionally, lithium ion batteries operate around 3.6 volts enabling a single cell to operate in

the correct voltage window for many consumer electronic applications.

Lithium ion batteries use two different insertion compounds: for the active cathode and for the
anode materials. In a lithium-ion battery, lithium is extracted from the cathode material while
lithium is concurrently inserted into the anode on charge of the battery. Lithium atoms travel,
or "rock", from one electrode to the other in the form of ions dissolved in an electrolyte. The
associated electrons travel in the circuit external to the battery. Layered rock-salt compounds
such as LiCoQ.sub.2 and LiNiO.sub.2 (1) are proven cathode materials. Nonetheless, Co and
Ni compounds have economic and environmental problems that leave the door open for

alternative materials.
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LiMn.sub.2 O.sub.4 is a particularly attractive cathode material candidate because manganese
is environmentally benign and significantly cheaper than cobalt and/or nickel. LiMn.sub.2
O.sub.4 refers to a stoichiometric lithium manganese oxide with a spinel crystal structure. A
spinel LiMn.sub.2 O.sub.4 intercalation cathode is the subject of intense development work
(2), although it is not without faults. The specific capacity obtained (120 mAh/g) is 15-30%
lower than Li(Co,Ni)O.sub.2 cathodes, and unmodified LiMn.sub.2 O.sub.4 exhibits an
unacceptably high capacity fade. Several researchers have stabilized this spinel by doping
with metal or alkali cations (3,4). While the dopants successfully ameliorated the capacity
decline, the initial reversible capacity is no better than 115 mAh/g, and the running voltage of

the cell is no better than the usual 3.5 V.

Recently, olivine-structured LiMPO.sub.4 where M=Fe, Mn, Co, Cu, V, Ni, have been
gaining interest as candidate materials for rechargeable lithium batteries (5, 6, 7 &
Goodenough patent). They have a theoretical capacity of up to 170mAh/g, which would
increase the energy density compared to LiCoQO.sub.2 or LiMn.sub.20.sub.4.

In particular Lithium iron phosphate (LiFePO.sub.4) has established its position as a potential
next generation cathode material. LiFePO.sub.4 has advantages in terms of material cost,
chemical stability and safety. However, the Fe.sup.3+/Fe.sup.2+ couple in LiFePQO.sub.4 has a
significantly lower voltage (3.45V versus Li/Li.sup.+) when compared to the (3.9 V versus
Li/Li.sup.+) in the standard LiCoO.sub.2 based lithium ion batteries and this lowers the
energy available for the LiFePO.sub.4 system. In addition LiFePO.sub.4 has low electronic
conductivity which leads to initial capacity loss and poor rate capability associated with
diffusion-controlled kinetics of the electrochemical process. Morphological modification at

the nano-scale level appears to be the best tool to control these undesired phenomena.

The use of olivine type LiMnPO.sub.4 would also be of interest because of the position of the
Mn.sup.3+ / Mn.sup.2+ couple which creates a potential of 4.05V versus Li/Li.sup.+ which is
compatible with the present LiCoO.sub.2 based lithium ion batteries. However,
LiMnPO.sub.4 is an insulator with ca. 2 eV spin exchange band gap and this significantly
lowers the electrochemical activity compared to LiFePO.sub.4 which is a semiconductor with
ca. 0.3eV crystal field band gap. Furthermore the two-phase Mn.sup.3+/Mn.sup.2+ redox

character also prohibits the introduction of mobile electrons or holes into the band.
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Synthesis of nano-particles of LiMnPO.sub.4 from metal alkoxides has been patented by our
group (8). Also in this case, heating at 500°C or higher temperature was necessary to prepare
a pure crystallized LiMnPO.sub.4, resulting in an undesirable particle growth. However, a
small particle size is particularly attractive to achieve faster Li ion diffusion and hence higher

rate capability in Li ion batteries.

In this regard, a new method to obtain nanoparticles has been conducted via a polyol process
(9). Polyols are considered to exert reducing power at their relatively high boiling points and
well defined nanoparticles are obtained (10). The polyol process has been well adopted to the
preparation of divided powders of metals (11, 12) and binary alloys (13, 14). The polyol
process consists of the reduction in a liquid alcoholic medium of metallic oxides, hydroxides,

alkoxides and salts.

We intended to combine the polyol process to synthesize and reduce phospho-olivine
compounds (LiMPO.sub.4) into nanosized materials. This is the first report in using a polyol

process to prepare a quaternary system (LiMPO.sub.4).

Summary of the invention

The primary object of the invention is to obtain LiMnPO.sub.4 of an excellent crystallinity
and a high purity via a “chimie douce” reaction and low sintering temperatures. In order to
achieve the above object, the invention is a method for manufacturing lithium metal
phosphate (LiMPO.sub.4) where M is Mn, Fe, Co, Ni, V, Cu.... As such the primary object of
the invention is to describe a synthetic preparation method. More particularly, the primary
object of the present invention is to provide a “polyol” process route resulting in a pure well-
crystallised phase of LiMPO.sub.4.

According to an embodiment of the present invention, by covering surfaces of the particles of
lithium metal phosphate (LiMPO.sub.4) with a conductive agent such as acetylene black
applied by high-energy milling, the electrochemical properties of the material as a positive

electrode in Lithium ion battery are improved.
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The third object of the invention is to describe an electrode preparation of the lithium metal
phosphate / carbon composite. This process is very important to reach the correct

electrochemical performances.

Brief description of the drawings

The present invention will be described in detail with reference to the drawings showing the

preferred embodiment of the present invention, wherein:

FIG. 1 shows the general flow chart for the preparation of the olivine Lithium Metal
Phosphate (LiMPO.sub.4) disclosed in the present invention.

FIG. 2 shows X-ray diffraction pattern of the Lithiophilite Lithium Manganese Phosphate
(LiMnPO.sub.4) disclosed in the present invention.

FIG. 3 shows the SEM pictures of a LiMnPO.sub.4 prepared by a “polyol” process.

FIG. 4 shows specific capacity during discharge for LiMnPOsub.4 prepared by “polyol”

process at C /10 rates.

Detailed description of the invention

Hereinafter, a method for manufacturing lithium metal phosphate (where metal is manganese,
iron, cobalt, copper, nickel, vanadium, titanium and mix of them) according to the invention

and a method for manufacturing a positive electrode active material will be described.
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A. Method for manufacturing LiMPO.sub.4

Firstly, a method for manufacturing LiMPO.sub.4 according to the invention will be
described. The present invention discloses a type of synthesis that turned out to be well-suited
for the preparation of spherical oxide particles of 20-150 nm in size is so-called “polyol”
method. The basis of this method is the precipitation of a solid while heating sufficient
precursors in a multivalent alcohol with a high-boiling point like glycols with the general
formula HO-(-C,H40-).sub.n-H where n=1-10 or HO-(-CsH¢O-).sub.n.-H where n=1-10, or
other polyols with the general formula HOCH,-(-CsHsOH-).sub.n-H where n=1-10, like for
example the tridecane-1,4,7,10,13-pentaol, wherein metal M is iron, manganese, cobalt,
nickel, vanadium, copper, titanium or a mixture of those compounds.

The alcohol itself acts as a stabilizer, limiting particle growth and prohibiting agglomeration.
The high boiling point of the alcohol means that temperature can be applied (>150°C), that
result in highly crystalline oxides.

The method for manufacturing LiMPO.sub.4 according to the invention is a method of
obtaining LiMPO.sub.4 by carrying out the steps of dissolution, hydrolysis, drying and

eventually calcination.

Hereinafter, the respective steps in the invention will be detailed.

1. Dissolution of metal precursor

The present invention discloses a “polyol” method to prepare lithium metal phosphates.
Polyol-mediated preparation is carried out by dissolving a suited metal (Mn, Fe, Co, Cu, Ni,
V...) precursors (e.g. acetates, alcoholates, oxides, alkoxides) in a suited solvent (e.g. ethylene
glycol, propylene glycol, diethylene glycol, tetracthylene glycol etc.)

According to this mechanism, the polyol acts first as a solvent for the starting inorganic
precursors due to the rather dielectric constant of these organic media. In diethylene glycol for
instance, salts such as manganese acetates, cobalt acetates, iron acetates hydrate are soluble to
such an extent that a complete dissolution is observed as the first step of the reaction.

The molar ratio metal salts/polyol can be varied from 0.01 to 0.15. In some cases, a few cubic
centimetres of an aqueous solution can be added to increase the solubility of the salts. The
solution is heated from 100 to 150°C (depending of the solvent) for 1 to 3 hours to complete

the dissolution.
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2. Hydrolysis process

The polyol also acts as solvent with a chelating effect which avoids agglomeration of particles
during the preparation. Stoichiometric amounts of suitable lithium salts (e.g. lithium acetate
hydrate) and phosphate salts (e.g. ammonium dihydrogeno phosphate) were dissolved in a
minimum volume of water. The solution was added to the polyol media. The water acts as a
hydrolysis agent. The emerging suspension was heated for several hours up to 170 — 200 °C

under stirring. A dehydration occurred at high temperature.

In addition to water, an acid can also be used to hydrolyse the solution.

3. Drying process

The solid material was separated from the suspension by centrifugation and washed twice
with ethanol. The “as synthesized” sample was dried at 80 °C for one day under air. The
material shows the correct olivine structure after this treatment. The specific surface area is

about 30 to 70 m.sub.2/g (particles size is about 60 to 25nm)

4. Thermal treatment

To obtain a complete crystalline phase, the material can be heated at different temperatures
(300 — 500°C) from 30 minutes to 1 hour in air. The resulting powder was ground in a mortar
and characterised by X-ray diffraction study. The specific surface area is approximately/ in

the range 20 to 50 m.sub.2/g (particle size is approximately/ in the range 90 to 35 nm).

B. Method for manufacturing a positive electrode active material

Next, a method for manufacturing a positive electrode active material according to the
invention will be described. The method for manufacturing the positive electrode active
material according to the invention is characterized by blending a conductive agent with the
LiMPO.sub.4 obtained according to the above method for manufacturing the LiMPO.sub.4

and LiMPO.sub.4 used in the invention, being obtained according to a manufacturing method
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described in the “A. Method for manufacturing LiMPO.sub.4”, is omitted from describing
here.

Furthermore, the conductive agent used in the invention, as far as it can improve the electrical
conductivity, is not particularly restricted. For instance, graphite or carbon black such as
acetylene black can be cited.

The conductive agent is added in the range of 5 to 25 parts by weight, preferably in the range
of 10 to 20 parts by weight to 100 parts by weight of LiMPO.sub.4. When an amount of the
conductive agent is less than necessary, the electrical conductivity may not be sufficiently
improved, and, when it is more than necessary, since an amount of LiMPO.sub.4 becomes
relatively less, the performances as the positive electrode active material may be deteriorated.
In the invention, a method of blending the LiMPO.sub.4 and the conductive agent is not
particularly restricted. However, for instance, the physical blending is preferable and the
mechanical blending is particularly preferable. Specifically, a ball mill pulverizing method or
the like can be cited. Furthermore, applications of the positive electrode active material
obtained according to the invention are not particularly restricted. However, it can be used in,
for instance, lithium secondary batteries.

The present invention discloses improved electrochemical performances of LiMPO.sub.4/
carbon composite. This composite was obtained by high energy milling of LiMPO.sub.4 with

acetylene black in a stainless steel container using a planetary ball mill for several hours.

The present invention also discloses electrode preparation of LiMPO.sub.4/C composite to
improve electrochemical performances. Electrode of LiMPO.sub4/C active material was
prepared by mixing of the active material (composite) with a carbon black and a binder in N-
methyl-2-pyrrolidinon. The slurry was then coated on an aluminium foil, serving as the
current collector. The N-methyl-2-pyrrolidinon was subsequently evaporated in air on

titanium hot plate.
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Examples

Hereinafter, the invention will be more specifically described with reference to examples.

Example 1

Preparation of nanosized lithium manganese phosphate : To 100mL of diethylene glycol,
20mL of a solution of 1.5 mol.L.sup.-1 of manganese (II) acetate tetrahydrate (C.sub.4
H.sub.6 O.sub.4 Mn, (H.sub.2 O).sub.4) was added. The mixture was heated at 140 °C for
about 1 hour. A dark brown solution was obtained. 2mL of concentrated acetic acid was
added to the solution. 20ml of a solution of 1.5 mol.L.sup.-1 of lithium acetate dihydrate
(C.sub.2 H.sub.3 O.sub.2 Li, (H.sub.2 O).sub.2) and ammonium di-hydrogeno phosphate
(H.sub.6 NO.sub.4 P) was added to the glycol solution. A brownish precipitate was formed.
Under extreme agitation, the mixture was heated at 180°C under reflux for 4 hours. To
remove the diethylene glycol, the mixture was cooled down at room temperature, centrifuged
and washed twice with ethanol. The precipitate was dried at 80 °C for 1 day. The material was
then calcined at 350°C for 1 hour under air.

X-ray pattern of this material indicates a pure crystallized phase of lithium manganese
phosphate (LiMnPO.sub.4). The particle sizes of the material were included in the range 90-

20 nm.

Example 2

The powder of LiMnPO.sub.4 was placed in a 250 mL stainless steel container and ball
milled with a planetary ball mill using 9 stainless steel balls of 20mm diameter for one hour.
In addition, 20% in weight of acetylene black was added to the milled LiMnPO.sub.4 and ball
milled again for 3 hours. A composite of LiMnPO.sub.4/C was then obtained.

Example 3

A positive electrode composition of LiMnPO.sub4/C active material was prepared by mixing
of the active material (composite) with a carbon black (C55 from Shawinigan) and a binder
(polyvinylidene difluoride —PVDF) with the mass ratio (90: 5: 5), in N-methyl-2-
pyrrolidinon. The slurry was then coated on an aluminium foil, serving as the current
collector. The N-methyl-2-pyrrolidinon was subsequently evaporated in air at 100°C for 1
hour and 120°C for 30 minutes on titanium hot plate. The electrode was then dry at 160°C

overnight under vacuum.
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Example 4

The positive electrode of example 3 was tested in standard laboratory Swagelok test cells
versus Li metal. Microporous Celgard membrane served as separator. The electrolyte was
made of 1M of LiPF.sub.6 dissolved in a 1:1:3 by volume mixture of dried and purified
propylene carbonate (PC), ethylene carbonate (EC) and dimethyl carbonate (DMC).

The electrochemical properties of LiMnPO.sub4/C electrodes were measured using an Arbin
BT 2000 electrochemical measurement system by galvanostatic charge/discharge and cyclic

voltammetry.

The battery prepared above was charged under a current density of 0.03 mA/cm.sup.2 until a
termination voltage of 4.7 volt was reached. Then the charged battery was discharged at a

current density of 0.03 mA/cm.sup.2 until a termination voltage of 2.3 volt was reached.

Example 5

Preparation of nanosized lithium cobalt phosphate : To 100mL of diethylene glycol, 20mL of
a solution of 1.5 mol.L sup.-1 of cobalt (II) acetate tetrahydrate (C.sub.4 H.sub.6 O.sub.4 Co,
(H.sub.2 O).sub.4) was added. The mixture was heated at 140 °C for about 1 hour. A dark
solution was obtained. 20ml of a solution of 1.5 mol.L.sup.-1 of lithium acetate dihydrate
(C.sub.2 H.sub.3 O.sub.2 Li, (H.sub.2 O).sub.2) and ammonium di-hydrogeno phosphate
(H.sub.6 NO.sub.4 P) was added to the glycol solution. A precipitate was formed. Under
extreme agitation the mixture was heated at 180°C under reflux for 4 hours. The mixture was
cooled down at room temperature. The mixture was then centrifuged and washed twice with
ethanol to remove the diethylene glycol. The precipitate was dried at 80 °C for 1 day. The
material was then calcined at 350°C for 1 hour under air.

X-ray pattern of this material indicates a pure phase of lithium cobalt phosphate

(LiCoPO.sub.4). The particle sizes of the material were included in the range 90- 20 nm.

Example 6

Preparation of nanosized lithium iron phosphate : To 100mL of diethylene glycol, 20mL of a
solution of 1.5 mol.L sup.-1 of Iron (IT) acetate (C.sub.4 H.sub.6 O.sub.4 Fe) was added. The
mixture was heated at 140 °C for about 1 hour. A dark solution was obtained. 20ml of a
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solution of 1.5 mol.L.sup.-1 of lithium acetate dihydrate (C.sub.2 H.sub.3 O.sub.2 Li,
(H.sub.2 O).sub.2) and ammonium di-hydrogeno phosphate (H.sub.6 NO.sub.4 P) was added
to the glycol solution. A brownish precipitate was formed. Under agitation the mixture was
heated at 180°C under reflux for 4 hours and cooled down to room temperature. The mixture
was then centrifuged and washed twice with ethanol to remove the diethylene glycol. The
precipitate was dried at 80 °C for 1 day. The material was then calcined at 350°C for 1 hour
under air.

X-ray pattern of this material indicates a pure phase of lithium iron phosphate

(LiFePO.sub.4). The particle sizes of the material were included in the range 90- 20 nm.

Example 7

Preparation of nanosized lithium manganese phosphate : To 100mL of diethylene glycol,
20mL of a solution of 1.5 mol.L.sup.-1 of manganese (II) acetate tetrahydrate (C.sub.4
H.sub.6 O.sub.4 Mn, (H.sub.2 O).sub.4) was added and 2 mL of concentrated acetic acid. The
mixture was heated at 120 °C for about 1 hour. A dark brown solution was obtained. 20ml of
a solution of 1.5 mol.L.sup.-1 of lithium acetate dihydrate (C.sub.2 H.sub.3 O.sub.2 Li,
(H.sub.2 O).sub.2) and ammonium di-hydrogeno phosphate (H.sub.6 NO.sub.4 P) was added
to the glycol solution. A brownish precipitate was formed. Under extreme agitation the
mixture was heated at 160°C under reflux for 5 hours and cooled down to room temperature.
The mixture was then filtered and washed twice with acetone to remove the diethylene glycol.
The powder was dried at 80 °C for 1 day. The material was then calcined at 500°C for 1 hour
under air.

X-ray pattern of this material indicates a pure crystallized phase of lithium manganese
phosphate (LiMnPO.sub.4). The particle sizes of the material were included in the range 90-
40 nm.

Example 8

The synthesis of nanoparticles of LiMnPO.sub.4 was performed according to those in
Example 1 characterized in that the dried powder at 80°C is already crystallised and no
calcination step was applied. The particle sizes of the material were included in the range 50-

20 nm.



WO 2007/113624 PCT/IB2006/051061
11

Example 9

The synthesis of nanoparticles of LiMnPO.sub.4 was performed according to those in
Example 1 characterized in that the solvent is a multivalent alcohol with a high-boiling point
like glycols with the general formula HO-(-C;H4O-).sub.n-H where n=1-10 or HO-(-C3H¢O-
).sub.n.-H where n=1-10, or other polyols with the general formula HOCH,-(-C;HsOH-
).sub.n-H where n=1-10, like for example the tridecane-1,4,7,10,13-pentaol.
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Claims

A process for the production of nanostructured olivine lithium metal phosphate
(LiMPO.sub.4) particles characterized by the use of a polyol method which
includes the precipitation of a solid while heating sufficient precursors in a
multivalent alcohol with a high-boiling point like glycols with the general formula
HO-(-C,H40-).sub.n-H where n=1-10 or HO-(-C3H¢O-).sub.n.-H where n=1-10,
or other polyols with the general formula HOCH,-(-C3HsOH-).sub.n-H where
n=1-10, like for example the tridecane-1,4,7,10,13-pentaol, wherein metal M is
iron, manganese, cobalt, nickel, vanadium, copper, titanium or a mixture of those

compounds.

Process according to claim 1 wherein the particle size so obtained is in the range

20 — 100nm

. According to claim 2 wherein the particle size so obtained is in the range 20 —50

nm

Process according to claim 1 including the steps of dissolution and hydrolysis,

drying and optional thermal treatment.

Process according to claim 4, characterized in that the solvent is a multivalent and

high-boiling alcohol.

Process according to claim 4, characterized in that the transition metal precursor is

first dissolved in the solvent and heated between 100 to 150 °C.

Process according to claim 4, characterized in that the lithium and phosphate
precursors (lithium acetate dihydrate (C.sub.2 H.sub.3 O.sub.2 Li, (H.sub.2
O).sub.2) and ammonium dihydrogen phosphate (H.sub.6 NO.sub.4 P)) are
dissolved first in distilled water and added to the polyol solution during the
hydrolysis step.
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Process according to claim 6, characterized in that the hydrolysis suspension is
heated up to 160 - 210°C.

Process according to claim 6, characterized in that acidic solution can be used for

the hydrolysis of the polyol solution.

Process according to claim 4, characterized in that the molar ratio metal

salts/polyol can be varied from 0.01 to 0.15.

Process according to claim 4, characterized in that the precipitate is dried at 80°C
for 24 h.

Process according to claim 4, characterized in that a calcination step is done on the
dried powder at 350 — 500 °C for 30 minutes to 1 hour to get a perfect crystalline
phase.

Process according to anyone of the previous claims for manufacturing electrode

material using electro active lithium metal phosphate.

An electrode material obtained according to a process according to anyone of the
previous claims, said material being coated with conducting additives to produce

lithium metal phosphate/carbon composite.

Electrode material according to claim 14 coated with carbon by ball milling to

produce lithium metal phosphate/carbon composite.

Electrode material according to claim 15 where the carbon conducting agent is

acetylene black.

Electrode material according to claim 16 where the carbon concentration is 1-30

ww% .

An electrochemical cell comprising a cathode, an anode and an electrolyte wherein

the cathode is prepared according to anyone of claims 14 to 17.
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