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SYNTHESIS OF CATHODE ACTIVE MATERIALS 

[0001] This application is a divisional of and claims 
priority from US. Ser. No. 10/850,003, ?led May 20, 2004, 
noW allowed. 

FIELD OF THE INVENTION 

[0002] The present invention relates to the synthesis of 
electroactive materials for use in batteries, more speci?cally 
to cathode active materials for use in lithium ion batteries. 

BACKGROUND OF THE INVENTION 

[0003] The proliferation of portable electronic devices 
such as cell phones and laptop computers has lead to an 
increased demand for high capacity, long endurance light 
Weight batteries. Because of this alkali metal batteries, 
especially lithium ion batteries, have become a useful and 
desirable energy source. Lithium metal, sodium metal, and 
magnesium metal batteries are Well knoWn and desirable 
energy sources. 

[0004] By Way of example and generally speaking, lithium 
batteries are prepared from one or more lithium electro 

chemical cells containing electrochemically active (electro 
active) materials. Such cells typically include, at least, a 
negative electrode, a positive electrode, and an electrolyte 
for facilitating movement of ionic charge carriers betWeen 
the negative and positive electrode. As the cell is charged, 
lithium ions are transferred from the positive electrode to the 
electrolyte and, concurrently from the electrolyte to the 
negative electrode. During discharge, the lithium ions are 
transferred from the negative electrode to the electrolyte 
and, concurrently from the electrolyte back to the positive 
electrode. Thus With each charge/discharge cycle the lithium 
ions are transported betWeen the electrodes. Such recharge 
able batteries are called rechargeable lithium ion batteries or 
rocking chair batteries. 

[0005] The electrodes of such batteries generally include 
an electrochemically active material having a crystal lattice 
structure or framework from Which ions, such as lithium 
ions, can be extracted and subsequently reinserted and/or 
permit ions such as lithium ions to be inserted or intercalated 
and subsequently extracted. Recently, a class of transition 
metal phosphates and mixed metal phosphates have been 
developed, Which have such a crystal lattice structure. These 
transition metal phosphates are insertion based compounds 
like their oxide based counterparts. The transition metal 
phosphates and mixed metal phosphates alloW great ?ex 
ibility in the design of lithium ion batteries. 

[0006] Recently, three-dimensional structured compounds 
comprising polyanions such as (SO4)DT, (PO4)DT, 
(AsO4)n’, and the like, have been proposed as viable 
alternatives to oxide based electrode materials such as 
LiMXOy. A class of such materials is disclosed in US. Pat. 
No. 6,528,003 B1 (Barker et al.) The compounds therein are 
of the general formula LiaMIbMIIC(PO4)d1 Wherein MI and 
MII are the same or different. MI is a metal selected from the 

group consisting of Fe, Co, Ni, Mn, Cu, V, Sn, Ti, Cr and 
mixtures thereof. MII is optionally present, but When present 
is selected from the group consisting of Mg, Ca, Zn, Sr, Pb, 
Cd, Sn, Ba, Be, and mixtures thereof. More speci?c 
examples of such polyanion based materials include the 
olivine compounds such as LiMPO4, Wherein M:Mn, Fe, 
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Co and the like. Other examples of such polyanion based 
materials include the NASICON compounds such as 
Li3M2(PO4)3, and the like. 

[0007] Although these compounds ?nd use as electro 
chemically active materials useful for producing electrodes 
these materials are not alWays economical to produce, they 
may afford insu?icient voltage, have insuf?cient charge 
capacity or exhibit loW ionic conductivity. The present 
invention provides an economical, reproducible and e?icient 
method for producing metal phosphates and mixed metal 
phosphates With good electrochemical properties Which 
make them useful for producing electrodes and in particular 
cathodes. 

SUMMARY OF THE INVENTION 

[0008] The present invention relates to a method for 
preparing an electroactive metal polyanion or a mixed metal 
polyanion comprising forming a slurry comprising a poly 
meric material, a solvent, a polyanion source or alkali metal 
polyanion source and at least one metal ion source; heating 
said slurry at a temperature and for a time su?icient to 
remove the solvent and form an essentially dried mixture; 
and heating said mixture at a temperature and for a time 
suf?cient to produce an electroactive metal polyanion or 
electroactive mixed metal polyanion. In a preferred embodi 
ment the present invention relates to a method for preparing 
a metal polyanion or a mixed metal polyanion Which com 
prises dissolving a polymeric material in a solvent to form 
a ?rst solution, adding a polyanion source or alternatively an 
alkali metal polyanion source to the ?rst solution While 
stirring to form a ?rst slurry, adding a source of at least one 
metal ion to said ?rst slurry While stirring to form a second 
slurry, heating said second slurry at a temperature and for a 
time suf?cient to remove the solvent to form an essentially 
dried mixture, then heating said mixture at a temperature and 
for a time su?icient to produce an electroactive metal 
polyanion or an electroactive mixed metal polyanion. In an 
alternative embodiment the present invention relates to a 
method for preparing a metal polyanion or a mixed metal 
polyanion Which comprises mixing a polymeric material 
With a polyanion source or alternatively an alkali metal 
polyanion source and a source of at least one metal ion to 
produce a ?ne mixture and heating the mixture to a tem 
perature higher than the melting point of the polymeric 
material, milling the resulting material and then heating the 
milled material. It is another object of the invention to 
provide electrochemically active materials produced by said 
methods. The electrochemically active materials so pro 
duced are useful in making electrodes and batteries. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 shoWs the XRD of the material produced in 
Example 1. 

[0010] FIG. 2 shoWs the voltage vs. time pro?le of the 
polymeric LVP produced according to Example 1. 

[0011] FIG. 3 shoWs the cycling behavior and voltage 
pro?le of the polymeric LVP produced according to 
Example 1 at C/2. 

[0012] FIG. 4 shoWs the XRD of the material produced 
according to Example 2. 

[0013] FIG. 5 shoWs the voltage vs. time pro?le of the 
polymeric LVP produced according to Example 2. 
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[0014] FIG. 6 shows the cycling behavior and voltage 
pro?le of the polymeric LVP produced according to 
Example 2 at C/2. 

[0015] FIG. 7 shoWs the XRD of the material produced 
according to Example 3. 

[0016] FIG. 8 shoWs the cycling behavior of the polymeric 
LVP produced according to Example 3 at a current rate of 
C/2. 

[0017] FIG. 9 shoWs the XRD of the material produced 
according to Example 4. 

[0018] FIG. 10 shoWs the XRD of the material produced 
according to Example 5. 

[0019] FIG. 11 shoWs the cycling behavior of the material 
produced according to Example 5 at a current rate of C/2. 

[0020] FIG. 12 shoWs the XRD of the material produced 
according to Example 6 

[0021] FIG. 13 shoWs the cycling behavior of the material 
produced according to Example 6 at a current rate of C/2. 

[0022] FIG. 14 shoWs the cycling behavior of the poly 
meric LVP produced according to Example 7 at a current 
rate of C/2. 

[0023] FIG. 15 shoWs the cycling behavior of the poly 
meric LVP produced according to Example 8 at a current 
rate of C/2. 

DETAILED DESCRIPTION 

[0024] The present invention relates to methods for pre 
paring electroactive metal polyanions and mixed metal 
polyanions and in particular to methods for preparing metal 
phosphates and mixed metal phosphates. In another embodi 
ment the present invention relates to electrochemically 
active materials produced by such methods, electrodes pro 
duced from such electroactive materials and batteries Which 
contain such electrodes. 

[0025] Metal phosphates, and mixed metal phosphates and 
in particular lithiated metal and mixed metal phosphates 
have recently been introduced as electrode active materials 
for ion batteries and in particular lithium ion batteries. These 
metal phosphates and mixed metal phosphates are insertion 
based compounds. What is meant by insertion is that such 
materials have a crystal lattice structure or framework from 
Which ions, and in particular lithium ions, can be extracted 
and subsequently reinserted and/or permit ions to be inserted 
and subsequently extracted. 

[0026] The transition metal phosphates alloW for great 
?exibility in the design of batteries, especially lithium ion 
batteries. Simply by changing the identity of the transition 
metal alloWs for regulation of voltage and speci?c capacity 
of the active materials. Examples of such transition metal 
phosphate cathode materials include such compounds of the 
nominal general formulae LiFePO4, Li3V2(PO4)3 and LiFelr 
XMgXPO4 as disclosed in US. Pat. No. 6,528,033 B1 (Barker 
et al, hereinafter referred to as the ’033 patent) issued Mar. 
4, 2003. 

[0027] A class of compounds having the general formula 
LiaMIbMIIC(PO4)d1 Wherein MI and MII are the same or 
different are disclosed in US. Pat. No. 6,528,003 B1 (Barker 
et al.). MI is a metal selected from the group consisting of 
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Fe, Co, Ni, Mn, Cu, V, Sn, Ti, Pb, Si, Cr and mixtures 
thereof. MII is optionally present, but When present is 
selected from the group consisting of Mg, Ca, Zn, Sr, Pb, Cd, 
Sn, Ba, Be, and mixtures thereof. It is disclosed therein, for 
example, that LiFePO4 can be prepared by mixing the 
reactants Fe2O3, Li2CO3, (NH4)2HPO4 and carbon and heat 
ing said mixture in an inert atmosphere. The carbon is 
present in an amount su?icient to reduce the oxidation state 
of at least one metal ion of the starting materials Without full 
reduction to the elemental state. This process is bene?cial in 
that it employs the relatively inexpensive material Fe2O3. 
Previous methods for preparing LiFePO4 required the use of 
the more expensive Fe2+ salts, such as oxalate, acetate or 
FeO. 

[0028] US. Pat. No. 6,528,033 B1 also discloses that 
LiFelrxMgxPO4 can be prepared using Fe2O3. LiFelrxMgxPO4 
is prepared by mixing the reactants LiH2PO4, Fe2O3, 
Mg(OH)2 and carbon and heating said reaction mixture in an 
inert atmosphere. The carbon again is present in an amount 
suf?cient to reduce the oxidation state of at least one metal 
ion of the starting materials Without full reduction to the 
elemental state. This process is also economical in that it 
employs Fe2O3 instead of the more expensive Fe2+ salts. 

[0029] It is also disclosed in US. Pat. No. 6,528,033 B1 
that Li3V2(PO4)3 (lithium vanadium phosphate) can be pre 
pared by ball milling V205, Li2CO3, (NH4)2HPO4 and 
carbon, and then pelletiZing the resulting poWder. The pellet 
is then heated to 3000 C. to remove CO2 from the LiCO3 and 
to remove the NH2. The pellet is then poWderiZed and 
repelletiZed. The neW pellet is then heated at 8500 C. for 8 
hours to produce the desired electrochemically active prod 
uct. 

[0030] It has been found that When making lithium vana 
dium phosphate by the method of the ’033 patent that 
problems result from the dry ball mixing method. The dry 
ball-mill mixing method on a larger production scale some 
times results in an incomplete reaction of the starting 
materials. When the incomplete reaction occurs and the 
product so produced is used in a cell it produces a cell With 
poor cycle performance. The method on a large scale also 
resulted in poor reproducibility of the product formed. 

[0031] Additionally, it has been found that When lithium 
vanadium phosphate and LiFe1_XMgXPO4 prepared using the 
methods of the ’033 patent on a larger scale are used in the 
preparation of phosphate cathodes it results in phosphate 
cathodes With high resistivity. The lithium vanadium phos 
phate and LiFel_xMgxPO4 poWders produced by the method 
of the ’033 patent on a large scale also exhibit a loW tap 
density. 

[0032] It has noW surprisingly been found these classes of 
compounds, and compounds similar to those disclosed in 
US. Pat. No. 6,528,033 B1 can be prepared in a bene?cial 
manner to produce materials With high electronic conduc 
tivity and an excellent cycle life With superior reversible 
capacity. The methods of the present invention employ a 
polymeric material Which is capable of forming a solution 
With the solvent and acts a phase separation inhibitor in 
either a Wet mix or dry mix method. The polymeric material 
also acts to form a conductive netWork throughout the metal 
polyanions and mixed metal polyanions produced by the 
process of the present invention. It has noW also been found 



US 2008/0099720 A1 

that materials so produced exhibit good electronic conduc 
tivity When used as the active materials in electrodes, and 
preferably in cathodes. 

[0033] In one embodiment of the invention a metal polya 
nion or mixed metal polyanion is produced by a Wet mix 
method. The process comprises forming a mixture compris 
ing a solvent having a boiling point, together With a poly 
meric material, a polyanion source and a source of at least 
one metal ion and heating the mixture so formed at a 
temperature greater than the boiling point of the solvent for 
a period of time su?icient to remove substantially all the 
solvent to produce an essentially dry mixture, and heating 
the dried mixture so obtained to produce an electroactive 
metal polyanion or an electroactive mixed metal polyanion. 
The polyanion source and polymeric material are preferably 
capable of forming a solution in the solvent Without sub 
stantial phase separation With the solvent. 

[0034] In a preferred embodiment the present invention 
relates to a method for preparing a metal polyanion or a 
mixed metal polyanion Which comprises dissolving a poly 
meric material in a solvent to form a ?rst solution, adding a 
polyanion source or alternatively an alkali metal polyanion 
source to the ?rst solution While stirring to form a ?rst slurry, 
adding a source of at least one metal ion to said ?rst slurry 
While stirring to form a second slurry, heating said second 
slurry at a temperature and for a time suf?cient to form an 
essentially dried mixture, then heating said mixture at a 
temperature and for a time su?icient to produce an electro 
active metal polyanion or an electroactive mixed metal 
polyanion. 
[0035] By Way of further example, the ?rst step of a 
preferred process comprises dissolving a polymeric mate 
rial, in a solvent to form a ?rst solution. The solvent can be 
any volatile solvent that can dissolve the polymeric material. 
Preferably, the solvent is a volatile solvent having a boiling 
point of less than about 300° C., preferably less than 200° C. 
and more preferably less than 120° C. In a preferred embodi 
ment the solvent is Water. A polyanion source (or an alkali 
metal polyanion source) is added to the ?rst solution While 
stirring to form a ?rst slurry. A source of at least one metal 
ion is then added to the ?rst slurry to form a second slurry. 
Said second slurry is then heated at a temperature greater 
than the boiling point of the solvent to produce an essentially 
dried mixture. The dried mixture is then ball milled and 
heated to produce a metal phosphate or mixed metal phos 
phate material With high electronic conductivity. 

[0036] It is understood and one skilled in the art Would 
recogniZe that although the preferred embodiment described 
above, states the order in Which the polymeric material, the 
polyanion source and the metal ion are added to form the 
slurry that the polymeric material, the polyanion source and 
the metal ion can be added to the solvent in any order. For 
example, the polyanion source and the metal ion source can 
be added to the solvent and then the polymeric material can 
be added. Alternatively, the metal ion source can be added 
to the solvent, then the polymeric material and then the 
polyanion source. The polymer can be added to the solvent 
?rst, then the metal ion source added and then the polyanion 
source can be added in an alternative embodiment. 

[0037] In the preferred embodiment the polymeric mate 
rial is added ?rst since the polymeric material is soluble in 
the solvent it is easy to discern When the polymeric material 
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is dissolved. The polyanion source, preferably a phosphate 
source, is then added in the preferred embodiment. The 
phosphate source is also soluble in the solvent and therefore 
it can be readily determined When the phosphate source is 
dissolved. The metal ion is added last in that the metal ion 
does not dissolve in the solvent and may color the solution, 
as in the case of V203 the solution turns black. 

[0038] In a preferred embodiment of the present invention 
an amount of polymeric material is dissolved in Water to 
form a ?rst solution. The alkali metal polyanion, lithium 
hydrogen phosphate (LHP) is added to the ?rst solution 
While stirring to form a ?rst slurry. A source of metal ion is 
added to the ?rst slurry While stirring to produce a second 
slurry. The second slurry is then dried for 24 hours at a 
temperature greater than the boiling point of the solvent. The 
resulting dried poWder is then pelletiZed and ?red in a tube 
furnace. 

[0039] Without being limited hereby, it is believed that the 
polymeric material acts as a phase separation inhibitor 
during drying, heating and ?ring. In addition When used as 
such the polymeric material acts as an electron conductivity 
promoter in the ?nal products. The polymeric material 
additionally serves as a mix aid during the process by 
holding the reactants tightly together Which produces a 
highly condensed products that have a higher tap density 
than materials made by the method of the ’033 patent. 

[0040] By Way of example, in the preparation of lithium 
vanadium phosphate, using the method of the present inven 
tion, (outlined above and more fully described in detail in 
the Examples) the preferred polymeric material, either poly 
ethylene glycol (PEG) or polyethylene oxide (PEO) is 
dissolved in Water With stirring. PEG and PEO are soluble 
in the solvent, Water. The preferred polyanion source, 
lithium hydrogen phosphate (LHP) is then added to the 
solvent, Water, containing the dissolved polymeric material 
While stirring to form a ?rst slurry. The polyanion source 
LHP is also soluble in the solvent, Water. Then the metal ion 
source (V 203) is added to the ?rst slurry With stirring to 
form a second slurry. During drying, heating and ?ring, the 
polymeric material serves as a “holder” by holding the LHP 
on the surface of the V203. In doing this, the reaction 
betWeen the LHP and V203 can be more e?icient and go 
further to completion Without phase separation occurring 
among the reactants. During the processing the polymeric 
material melts and changes substance form from liquid, to 
gel, to solid and forms a conductive netWork throughout the 
electroactive materials produced. 

[0041] In an alternate embodiment, a source of carbon can 
be added to the reaction mixture. The carbon can be added 
to the ?rst or second slurry or can be added to the essentially 
dried mixture before heating. If the carbon is added to the 
essentially dried mixture the mixture and the carbon are ball 
milled or mixed by another means to produce a uniform 
mixture prior to heating The carbon used can be an elemen 
tal carbon, preferably in particulate form such as graphites, 
amorphous carbon, carbon blacks and the like. In another 
aspect the carbon can be provided by an organic precursor 
material, or by a mixture of elemental carbon and an organic 
precursor material. By organic precursor material is meant a 
material made up of carbon and hydrogen, containing no 
signi?cant amounts of other elements and that is capable of 
forming a decomposition product that contains carbon. 



US 2008/0099720 A1 

Examples of such organic precursor materials include, but 
are not limited to, coke, organic hydrocarbons, alcohols, 
esters, ketones, aldhydes, carboxylic acids, sulfonates, 
ethers, sugars, other carbohydrates, polymers and the like. 
The carbon or organic precursor material is added in an 
amount from about 0.1 Weight percent to about 30 Weight 
percent, preferably from about 1 Weight percent to about 12 
Weight percent and more preferably from about 6 Weight 
percent to about 12 Weight percent. 

[0042] The carbon remaining in the reaction product func 
tions as a conductive constituent in the ultimate electrode or 
cathode formulation. This is an advantage since such 
remaining carbon is very intimately mixed With the reaction 
product material. 

[0043] In a preferred embodiment of the invention the 
solvent used is Water and in particular deioniZed Water. 
HoWever it Would be apparent to one skilled in the art that 
any organic solvent Would be useful herein When the poly 
meric material is soluble therein and as long as the solvent 
does not interact With the polymeric material or the polya 
nion source to adversely affect the desired product of the 
?nal product. Such solvents are preferably volatile and 
include, but are not limited to, deioniZed Water, Water, 
dimethylsulfoxide (DMSO), N-methylpyrrolidinone 
(NMP), propylene carbonate (PC), ethylene carbonate (EC), 
dimethylformamide (DMF), dimethyl ether (DME), tetrahy 
drofuran (THF), butyrolactone (BL) and the like. Preferably 
the solvent should have a boiling point in the range from 
about 25° C. to about 300° C. 

[0044] The polymeric material as used in the present 
process acts as a “conductive netWork former”. The process 
of the present invention produces an admixture of the 
polymeric material With the metal polyanion or mixed metal 
polyanion, folloWed by heating Wherein the polymeric mate 
rial upon heating forms an electron conductive netWork 
Within the ?nal metal polyanion product or Within the ?nal 
mixed metal polyanion product. 

[0045] The polymeric material is an organic substance 
preferably composed of carbon, oxygen and hydrogen, With 
amounts of other elements in quantity loW enough to avoid 
interference With the synthesis of the metal polyanion or 
mixed metal polyanion and to avoid interference With the 
operation of the metal polyanion or mixed metal polyanion 
When used in a cathode. The presence and effectiveness of 
the conductive netWork can be detected using poWder resis 
tivity measurements. Such measurements, in general, have 
indicated a high resistivity for lithium metal phosphates 
produced by the method of the ’033 patent and a more 
desirable loW resistivity for the lithium metal phosphates 
produced by the process of the present invention. 

[0046] PoWder resistivity measures the resistivity of com 
posite materials in poWder form. In the case of composite 
materials that are comprised primarily of insulating poWders 
With small amounts of conductive materials, the resistivity 
of the composite Will be governed by the amount of con 
ductive material present and its pattern of distribution 
throughout the composite. In theory, Without being limited 
thereby, it is believed that the optimal distribution of con 
ductive material, for reducing the resistivity of a composite 
material is a netWork, Wherein the conductive material forms 
continuous current paths or series of current paths through 
out the composite material. In theory, Without being limited 
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thereby, the polymeric material as used in the process of the 
present invention, upon heating produces such current paths 
to form a conductive netWork throughout the metal polya 
nions and mixed metal polyanions. With such a conductive 
netWork current can ?oW throughout the composite materi 
als and resistivity of the composite is minimiZed. 

[0047] The polymer is chosen so that it is soluble in the 
volatile solvent to be used in the process of the present 
invention. The polymer can be in liquid or solid form. If the 
polymer is in solid form it cannot have a melting point 
greater than the temperature at Which the second heating 
step occurs. It folloWs that a polymer With too high of a 
melting point is generally less soluble than polymers With 
loWer melting points and therefore may not be uniformly 
distributed throughout the reaction product. The polymeric 
material is added in an amount from about 1 Weight percent 
to about 55 Weight percent, and preferably in an amount 
from about 3 Weight percent to about 12 Weight percent and 
more preferably in an amount from about 6 Weight percent 
to about 12 Weight percent. 

[0048] In a preferred embodiment of the invention the 
polymeric material is poly(oxyalkylene) ether and more 
preferably is polyethylene oxide (PEO) or polyethylene 
glycol (PEG) or mixtures thereof. HoWever, it Would be 
apparent to one With skill in the art that other polymeric 
materials Would be useful in the methods of the present 
invention. Polymers containing predominantly or entirely 
carbon and hydrogen in the polymer chain are preferred. For 
example the polymeric material may include Without limi 
tation, carboxy methyl cellulose (CMC), ethyl hydroxyl 
ethyl cellulose (EHEC), polyole?ns such as polyethylene 
and polypropylene, butadiene polymers, isoprene polymers, 
vinyl alcohol polymers, furfuryl alcohol polymers, styrene 
polymers including polystyrene, polystyrene-polybutadiene 
and the like, divinylbenZene polymers, naphthalene poly 
mers, phenol condensation products including those 
obtained by reaction With aldehyde, polyacrylonitrile, poly 
vinyl acetate, as Well as cellulose, starch and esters and 
ethers of those described above. 

[0049] Preferably the polymeric material is compatible 
With the operation of the metal polyanion or mixed metal 
polyanion When used as a cathode active material in a cell. 
It is therefore preferred that residual amounts of the poly 
meric material Will not interfere With the operation of the 
cell. Preferred polymers include polyethylene oxide, poly 
ethylene, polyethylene glycol, carboxymethyl cellulose, 
ethyl hydroxylethyl cellulose and polypropylene. Polyeth 
ylene oxide is one preferred polymerin vieW of its knoWn 
use as an electrolyte in lithium polymer batteries. 

[0050] Preferably the polymeric material is added during 
synthesis in order to reduce the number of steps involved in 
preparing the electroactive materials. HoWever, the poly 
meric material may be added to the metal polyanion or 
mixed metal polyanion during or after synthesis of the metal 
polyanion or mixed metal polyanion. In a preferred embodi 
ment the polymeric material should be compatible With the 
starting materials used to form the metal polyanion or mixed 
metal polyanion. In a particularly preferred embodiment the 
polymeric material should be miscible With molten lithium 
dihydrogen phosphate. In this manner polyethylene oxide is 
again a preferred polymer because of its hydrophilic nature. 

[0051] Polyanion sources include, but are not limited to, 
polyanion-containing compounds Wherein the polyanion 
















