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LITHIUM METAL PHOSPHATE/CARBON
NANOCOMPOSITES AS CATHODE ACTIVE
MATERIALS FOR RECHARGEABLE LITHIUM
BATTERIES

FIELD OF THE INVENTION

The 1nvention relates to lithium metal phosphate/carbon nanocomposites as cathode

active materials 1in rechargeable electrochemical cells.

STATE OF THE ART

Lithium transition metal phosphate/carbon nanocomposites, especially LiFePO4/C and
LixMnyFe ;| PO.4/C as cathode active materials in rechargeable lithium-1on batteries have
been shown to yield excellent charge capacity even at high charge/discharge rates. As
previously disclosed by us' such lithium metal phosphate/carbon nanocomposites can
be obtained by milling of suitable precursors of lithium, transition metals and phosphate
with high surface area carbon black or with graphite followed by crystallization at
relatively low temperature (400°C to 600°C). Milling results 1n braking of the graphene
planes and creation of highly reactive coordinatively unsaturated carbon atoms
(dangling bonds) at the graphene edges, which can form covalent bonds with phosphate
groups or via oxygen with the transition metal centres. The thus obtained nanoscale
mixture of lithium metal phosphate precursors crystallizes already at relatively low
temperature, which in combination with the covalently bound carbon prevents crystal
growth and results in a nanocomposite of lithium metal phosphate nanoparticles and
carbon. The small particle size of the lithium metal phosphate and the intimate contact
with electrically conducting carbon allows good electrochemical performance even with

nearly insulating materials such as LiyMnyFe; (POj.
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Lithium metal phosphate/carbon nanocomposites of small enough primary size (in the
order of 50 nm) can be obtained with high surface area carbon blacks that easily brake
during milling and provide a large number of active sites for reaction with the
precursors of the lithium metal phosphate. However, such high surface area carbon
blacks are expensive and energy intensive to produce, usually by pyrolysis of petroleum

derivates at temperatures far above 1000°C.°

Lithium metal phosphate/carbon nanocomposites can also be synthesised with graphite,
which 1s first exfoliated into graphene multisheets by sheer forces during milling, and
then further broken into smaller nanographene sheets with active sites at the edges.
While synthetic graphites are somewhat cheaper than high surface area carbon blacks
their production by graphitization of carbon at high temperature (above 2500°C) 1s even
more energy intensive.” Moreover, graphites require longer or more energetic milling
than high surface area carbon blacks to reduce them to nanoscale size. The milling time
can be reduced by employing high surface area graphite, which can for example be
obtained by rapid thermal expansion of acid intercalated graphite.” However, such

additional production steps again increase the manufacturing costs.

DESCRIPTION OF THE INVENTION

The present invention concerns the synthesis of lithium metal phosphate/carbon
nanocomposites employing activated carbon. Preferably the synthesis employs high
surface area phosphorylated carbon, 1.e. carbon with covalently bound phosphate
groups, obtained by phosphoric acid activation of carbonaceous vegetable materials,
preterably cellulosic or lignocellulosic materials, such as wood or agricultural residues.
This process has the advantage of using cheap, renewable carbon resources and
significantly less energy, due to the much lower process temperatures required for
carbon activation as compared to that needed for the fabrication of high surface area
carbon black or graphite. Furthermore, the subsequent reaction with lithium and

transition metal precursors to form the desired lithium metal phosphate/carbon
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nanocomposite Is considerably facilitated, since a high surface area carbon with
covalently bound phosphate groups is already obtained by phosphoric acid activation
of the hollow fibrous or cellular structure of the vegetable material. This reduces or

even eliminates the time and energy demand for mechanical activation by milling.

According to one aspect of the present invention, there is provided a process for the
synthesis of lithium metal phosphate/carbon nanocomposites for use as cathode
active materials in rechargeable electrochemical cells comprising: a) impregnating a
cellulosic precursor with an activating agent comprising phosphoric acid or a
phosphate salt or a phosphate ester, b) heating the impregnated cellulosic precursor
to produce a phosphorylated carbon from 450° C. to 600° C., b) mixing the
phosphorylated carbon with precursor compounds of lithium and transition metals
and optionally dopants and compounds containing phosphate that are not precursor
compounds of lithium and transition metals, and d) heating the mixture of step c) to
produce the lithium metal phosphate/carbon nanocomposite, wherein at least a
portion of the phosphorous for the lithium metal phosphate of the lithium metal
phosphate/carbon composite is of phosphorylated carbon serving as a reaction

precursor.

The synthesis of lithium metal phosphate/carbon nanocomposites according to the present

invention comprises the following steps:

a) impregnating a cellulosic precursor with an activating agent comprising phosphoric acid

or a phosphate salt or a phosphate ester,

b) heating the impregnated cellulosic precursor to a temperature from about 450°C to

about 800°C to produce a phosphorylated carbon of high specific surface area,

c) mixing the thus obtained phosphorylated carbon with precursors of lithium, transition

metals, optional dopants and, if required, additional phosphate,

d) heating the mixture of step ¢) at a temperature from about 450°C to about 800°C to

produce a nanocomposite of lithium metal phosphate and carbon.
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Suitable cellulosic precursors are vegetable matenials such as wood (e.g. hardwood,
softwood, woodchips, wood flour, sawdust), agricultural residues like straw, nut shells (e.g.
coconut, almond or palm nut shells), nut pits, fruit stones (e.g. olive, cherry or peach
stones), cotton, linen, jute, bark, cork, cellulose pulp, paper etc. Materials that yield an
activated carbon of low mechanical strength are preferred, because this facilitates the
subsequent formation of a nanocomposite with lithium metal phosphate. Such materials
are typically characterized by low gravimetric density and low lignin binder content, e.g.
cellulose pulp, paper or cotton. Preferably the material has low ash content. If required
the ash content of the cellulosic precursor can be reduced e.g. by leaching with acid.
Preferably the cellulosic precursor is dried and reduced in particle size by crushing,

grinding, milling etc.

In step a) of the process the cellulosic precursor is impregnated with a solution of
phosphoric acid or a phosphate salt or a phosphate ester, preferably with orthophosphoric

acid H3PO4. Suitable impregnation ratios, defined as the weight ratio of
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phosphoric acid or phosphate to cellulosic precursor (dry basis) are in the range from
about 0.1 to about 5.0. The preferred impregnation ratio 1s in the range from about 0.5
to about 1.5. Optionally a graphitization catalyst, such as iron compounds can be added,

in order to improve the electrical conductivity of the final product.

In step b) of the process the thus impregnated cellulosic precursor 1s heated first to dry
it, and then further to from covalent carbon—phosphate bonds (phosphorylation),
dehydrate the precursor and finally form an electrically conducting, phosphorylated

carbon of high specific surface area.

It has been reported*® that phosphoric acid reacts already below 150°C with cellulose
under formation of phosphate esters. Crosslinking by phosphate and polyphosphate
species reduces the liberation of volatiles at higher temperatures and thereby improves
the carbon yield. Dilation of the precursor structure from around 250°C to 450°C results
in a micro- and mesoporous, phosphorylated carbon of high specific surface area
(typically above 1000m>/g). Beyond 450°C the phosphate ester bonds become unstable

93

and phosphate is slowly lost by evaporation.” '° The aromatic cluster size and thus the

electric conductivity of the carbon increases rapidly above 450°C.

According to the present invention the impregnated cellulosic precursor 1s heated to a
temperature in the range from about 450°C to about 1000°C, preferably from 450°C to
300°C, and more preferably from 450°C to 600°C. The heating rate should either be low
enough to allow escape of volatiles (mainly water) without blowing up the material or
high enough to loosen its structure by foaming. The heat treatment above 450°C should
be minimized in time in order to enhance the electric conductivity of the carbon by

partial graphitization without extensive phosphate loss by evaporation.

The heat treatment can be carried out 1n air, since the phosphate ester groups protect the

L 12 Nevertheless heat treatment above 450°C is

carbon to some extent from oxidation.
pretferably done in inert gas atmosphere, such as nitrogen or argon. The gas pressure can
be increased 1n order to reduce the loss of phosphate by evaporation. The pores of the

thus obtained high surface area carbon are at least partially filled with polyphosphoric
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acid, which 1n contrast to the fabrication of adsorbents from phosphoric acid activated
carbons needs not to be extracted with water, since it serves as precursor in the further

reaction to lithium metal phosphate.

In step ¢) of the process the high surface area phosphorylated carbon from step b) 1s
mixed with precursors of lithium, one or more transition metals, optional dopants and, it
necessary, additional phosphate in appropriate quantities for the synthesis of the desired
lithium metal phosphate/carbon nanocomposite. The final carbon content of the lithium
metal phosphate/carbon nanocomposite 1s preferably in the range from about 1% to

about 20%, and more preferably from 1% to 10%.

Preferred precursors of lithium are L1,CO;, L1,O, LiOH, LiH,PO,, Li,HPO,4, Li;PO.,
lithium metaphosphate or polyphosphate.

Preferred transition metals precursors are metal carbonates or oxalates or oxides,
hydroxides, salts with carboxylic acids (e.g. acetates) or hydroxyl carboxylic acids (e.g.
glycolates, lactates, citrates, tartrates), chlorides, sulphates or nitrates.

Preferred precursors of phosphate are HiPO,4, HPOs, P,Os, LiH,PO,4, L1,HPO4, Li13PO4,
lithium metaphosphate or polyphosphate, NH4H,PO.,, (NH,4),HPOL..

In a preferred embodiment mixing is carried out in the dry state. A preferred method for
dry mixing 1s milling, and more preferably ball milling. In the case of dry mixing the

precursors should be selected so that any by-products of the reaction are volatile, e.g.

H,O, CO,, NH3, NOs:.

In another preferred embodiment mixing 1s carried out 1n a liquid phase. More
preferably mixing 1s done in aqueous phase. The precursors are preferably mixed
stepwise, e.g. first phosphorylated carbon 1s mixed with transition metal precursors and
additional phosphoric acid or phosphate, followed by neutralization with the required
amount of L1OH solution or Li,COj. Undesired by-products of the reaction can be

removed from the solid product by washing, e.g. Cl', HCOs-, SO42-, NO3s-, NH4+ etc.



10

15

20

25

30

CA 02732854 2011-02-02
WO 2010/015969 PCT/1IB2009/053300

Mixing can be carried out 1n air, or if required, under 1nert gas or reducing atmosphere,
in order to prevent oxidation, e.g. of Fe”". The reaction rate during mixing may be

enhanced by heating.

In step d) of the process the mixture of step c¢) 1s heated for crystallization to a
temperature from about 400°C to about 800°C. This temperature influences the
crystallite size of the lithium metal phosphate/carbon nanocomposite and therefore its
electrochemical pertormance. Preferably the temperature 1s in the range from about
450°C to about 600°C. Preferably this heat treatment i1s done under inert gas
atmosphere, such as nitrogen or argon, 1n order to avoid oxidation by air. If necessary a
reactive atmosphere, e.g. a reducing atmosphere containing H,, CO/CO, or H,O/CO,

can be used.

Example 1: Synthesis of a LiMng sFe(,PO4/C nanocomposite

Cellulose powder (2 g) was impregnated with a solution of 85% HsPO, (2 g) and water
(4 g) and heated in air from ambient temperature to 470°C within 1 hour. The
phosphorus content of the obtained activated carbon was determined after digestion of a

sample with sulphuric/nitric acid by the phosphomolybdenum blue method to 9.1 mmol

P/g.

Phosphorylated carbon (1.43 g), MnCOs (2.76 g), Fe(Il)oxalate dihydrate (1.08 g),
LiH,PO,4 (1.77 g) and L1,CO5 (0.48 g) were milled in a hardened steel container with
hardened steel balls for 2 hours at 500 rpm 1n a planetary ball mill (Retsch PM 100).
The obtained powder was heated up to 470°C within 30 minutes and maintained at this
temperature for 1 hour under a stream of argon. The carbon content of the resulting

LiMng gFeq,PO4/C nanocomposite was 8% by weight.
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CLAIMS:
1. A process for the synthesis of lithium metal phosphate/carbon

nanocomposites for use as cathode active materials in rechargeable electrochemical

cells comprising:

a) impregnating a cellulosic precursor with an activating agent

comprising phosphoric acid or a phosphate salt or a phosphate ester,

b) heating the impregnated cellulosic precursor to produce a
phosphorylated carbon from 450°C to 600°C,

c) mixing the phosphorylated carbon with precursor compounds of
ithium and transition metals and optionally dopants and compounds containing

phosphate that are not precursor compounds of lithium and transition metals, and

d) heating the mixture of step c) to produce the lithium metal
phosphate/carbon nanocomposite, wherein at least a portion of the phosphorous for

the lithium metal phosphate of the lithium metal phosphate/carbon composite is of

phosphorylated carbon serving as a reaction precursor.

2. The process of claim 1, wherein the cellulosic precursor is a material

which 1s hardwood, softwood, woodchips, wood flour, sawdust, straw, nut shells, nut

pits, fruit stones, cotton, linen, jute, bark, cork, cellulose pulp, paper, or a mixture

thereof.

3. The process of claim 1, wherein the cellulosic precursor is cellulose

pulp, paper, cotton, or a mixture thereof.

4. The process of claim 1, wherein the cellulosic precursor is impregnated
with a solution of phosphoric acid or a phosphate salt or a phosphate ester, in a
weight ratio of phosphate or phosphoric acid to cellulosic precursor on a dry basis
that is from 0.1 to 5.0.
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S. The process of claim 1, wherein a graphitization catalyst is added in
step a).
6. The process of claim 1, wherein the impregnated cellulosic precursor of

step a) is heated to a temperature in the range from 450°C to 600°C.

/. The process of claim 1, wherein the heating rate is high enough in step

b) to cause foaming of the mixture.

8. The process of claim 1, wherein the additional optional compounds
containing phosphate are H3;PO4, HPO3, P2Os, LiH2POy4, LI2HPOy4, LisPOg4, lithium
metaphosphate, lithium polyphosphate, NHsH>PO4, (NH4).HPO4, or a combination

thereof.

0. The process of claim 1, wherein there are no optional compounds

containing phosphate.
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