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ELECTRODE-ACTIVE ANON-DEFCENT 
LITHIUM TRANSTON-METAL 

PHOSPHATE, METHOD FOR PREPARING 
THE SAME, AND ELECTROCHEMICAL 

DEVICE USING THE SAME 

TECHNICAL FIELD 

0001. This invention relates to an anion-deficient lithium 
transition-metal phosphate as an electrode-active material, 
method for preparing the same, and electrochemical device 
using the same. 

BACKGROUND ART 

0002 Lithium secondary batteries have advantages of 
light weight and high capacity as compared with other sec 
ondary batteries such as nickel-cadmium batteries (Ni/Cd) 
and nickel-metal hydride batteries (Ni/MH). Accordingly, 
lithium secondary batteries are used as power Sources of 
electronic instruments and appliances such as mobile phones, 
laptop computers, game devices, and wireless cleaners. 
Recently, their application field has been broadening to high 
capacity batteries for electric bicycles, electric scooters, Ser 
Vice robots, electric cars, and electricity storage devices for 
power plants. 
0003 Lithium secondary batteries have generally been 
made by employing lithium cobaltate (LiCoO) as a cathode 
active material, carbon as an anode-active material, and 
lithium hexafluorophosphate (LiPF) as an electrolyte. How 
ever, cobalt as the main component of lithium cobaltate 
(LiCoO) Suffers from unstable Supply and demand, and its 
cost is high. Thus, it is economically unfeasible to apply 
cobalt to large-size lithium secondary batteries which require 
a large amount of cobalt. Accordingly, other materials, such 
as lithium manganate (LiMnO) of spinel structure, where 
cobalt is substituted by other transition metals of low cost, 
have began to be commercially used, and lithium transition 
metal polyanion compounds represented by lithium iron 
phosphate (LiFePO) of olivine structure are also undergoing 
commercialization. 
0004 Lithium transition-metal phosphates of olivine 
structure have a stable crystal structure, are highly stable to 
chemical reactions, and have advantages of high capacity, 
long life, and low cost. Nevertheless, their commercialization 
has not progressed easily due to low electron conductivity, 
low ion conductivity, and by-products formed from side reac 
tions. Especially, the composition and crystal structure of 
lithium transition-metal phosphate are prone to change 
depending on its preparation method. Thus, it is difficult to 
prepare a desired composition and crystal structure, or to 
prepare fine particles having a uniform composition and crys 
tal structure, or to prevent the generation of a compound 
containing impurities having an undesired oxidation state. 
These problems of the conventional technology deteriorate 
the characteristics of the material and batteries, resulting in 
low productivity, low reliability, and low cost-effectiveness 
and have been posing an obstacle to the commercialization of 
lithium transition-metal phosphates. 
0005 For example, in the case of lithium manganese phos 
phate (LiMnPO), impurities such as MnO, MnO, MnO, 
MnP, and Mn(PO) are additionally generated. Most of the 
manganese in the impurities has an oxidation state exceeding 
2, because manganese electrostructurally tends to have an 
oxidation state of +3 or greater, and manganese can be easily 
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oxidized in the course of production and application. A 
lithium manganese phosphate containing manganese ions of 
a +3 oxidation state or greater does not have a perfect olivine 
structure but contains impurities. Since most impurities are 
not electrochemically active, a lithium manganese phosphate 
containing manganese of an oxidation state of +3 or greater is 
inferior to a lithium manganese phosphate containing only 
manganese of a +2 oxidation state in characteristics as a 
battery material. Therefore, efforts have been made to prevent 
the formation of manganese of an oxidation state of +3 or 
greater. 
0006. The present invention provides anion-deficient 
lithium transition-metal phosphates in order to overcome the 
problems of conventional technology. Korean Patent Appli 
cation No. 2009-0005540 discloses anion-deficient lithium 
iron phosphate represented by Li-Fe(PO), and its prepa 
ration method. However, the compound of the present inven 
tion is different from that of said Korean patent application in 
that the former essentially contains at least one element 
selected from the group consisting of the Group 2 and Group 
13 elements of the periodic table, Sc., Ti, V. Cr, Mn, Co, Ni, 
Cu, Zn, Y, Zr, Nb, and Mo. 
0007 Although some non-stoichiometric lithium transi 
tion-metal phosphates are referred to in published literature, 
they are different from the compound of the present invention 
in that they are not anion-deficient compounds but cation 
excessive or cation-deficient compounds. 
0008 For example, EP-A-1,094,532 describes a method 
for preparing a compound of the formula Li, MPa, in which 
X is greater than 0 and less than or equal to 2, y is greater than 
or equal to 0.8 and less than or equal to 1.2, and Mincludes at 
least one metal having 3d orbitals. 
0009 EP-A-1,094,533 and Korean Patent Application 
Laying-open No. 2001-0025117 describe a compound repre 
sented by the formula Li, M.PO, in which x is greater than 0 
and less than or equal to 2, andy is greater than or equal to 0.8 
and less than or equal to 1.2, with M containing a 3d transition 
state, and the grains of Li, MPO are no greaterin size than 10 
micrometers. 
(0010 U.S. Patent Application Publication No. 2006/ 
0263286A1 and Japanese Patent Application Laying-open 
No. 2006-131485 disclose a preparation method of olivine 
LiFe PO, wherein -0.2sxs0.2 and -0.2sys0.2. 
(0011 U.S. Patent Application Publication No. 2007/ 
0207080A1 discloses a method for preparing a Li, M.PO, 
compound having an olivine structure. The method includes: 
preparing a solution containing transition metal M ions, Li 
ions and PO, ions; drying the solution to form particles of 
a starting material; and forming the particles of the starting 
material into particles of the Li, M.PO, compound with an 
olivine structure, in which 0.8sxs 1.2 and 0.8sys 1.2, and 
coating the particles of the Li, MPO compound with a car 
bon layer thereon. 
0012. PCT Publication No. WO 2003/077335 and Korean 
Patent Application Laying-open No. 2004-0094762 disclose 
an electrode-active material having the formula A.M.P. 
aSiO, wherein A is selected from the group consisting of Li, 
Na, K, and mixtures thereof, and Osas 1.0 and 0sXs 1; M 
comprises one or more metals, comprising at least one metal 
which is capable of undergoing oxidation to a higher valence 
state, where 0.sb 2.; and wherein M, a, b, and Xare selected so 
as to maintain electroneutrality of said compound. 
0013 However, the lithium compounds referred to in the 
above literature are cation-deficient or cation-excessive com 
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pounds where the molar ratio of the anion PO, is fixed at 1 
and the molar ratio of the cation M varies as in Li, MPO, and 
thus they are different from the anion-deficient non-stoichio 
metric lithium transition-metal phosphates of the present 
invention and cannot fundamentally solve the problems of the 
conventional technology. 
0014. In this connection, speaking of the types of non 
Stoichiometric lithium transition-metal phosphates, a ceramic 
material Such as lithium transition-metal phosphate is an 
ionic compound which comprises a cation (MP) and an anion 
(MP), and non-stoichiometric ionic compounds may have 
four types of point defects, as follows: 
0015 The first type is a cation-excessive non-stoichiomet 

ric compound represented by In this formula, the molar ratio 
of the anion (X) is 1, which means that all the lattice points 
of the anion are filled. The molar ratio 1 +Z of the cation MP 
means that all cation lattice points are filled and, in addition, 
the excessive Z. mol of the cation MP is positioned at inter 
stitial sites between lattice points. This type of point defect is 
called an interstitial cation defect. Here, if 1 mol of MPT 
having a negative charge of -y is present and 1+Z mol of the 
cation MP having a positive charge of +y is present in excess 
of 1 mol, electroneutrality is not satisfied. Accordingly, the 
oxidation number of the cation cannot be maintained at +y but 
decreases to +y'y'-y/(1+z) to maintain electroneutrality. 
0016. The second type is a cation-deficient non-stoichio 
metric compound represented by MX. In this formula, the 
molar ratio of the anion (MP) is 1, which means that all the 
lattice points of the anion are filled. The molar ratio 1-Z of the 
cation MP means that all cation lattice points are not filled 
but, instead, Z. mol of the cation lattice points remain as 
vacancies. This type of point defect is a cation vacancy defect. 
If the anion MPT having a negative charge of -y exists in an 
amount of 1 moland positive ions having a positive charge of 
+y exist in an amount of 1-Z mol, which is less than 1 mol. 
electroneutrality is not satisfied. Accordingly, the oxidation 
number of the cation cannot be maintained at +y but increases 
to +y'y'-y/(1-z). 
0017. The third type is an anion-deficient non-stoichio 
metric compound represented by MX. In this formula, the 
molar ratio of the cation (MP) is 1, which means that all the 
lattice points of the cation are filled. The molar ratio 1-Z of the 
anion MP means that all anion lattice points are not filled but, 
instead, Z. mol of the anion lattice points remain as vacancies. 
This type of point defect is an anion vacancy defect. If the 
cation MP having a positive charge of +y exists in an amount 
of 1 mol and the negative ions having the negative charge of 
-y exist in an amount of 1-Z mol, which is less than 1 mol. 
electroneutrality is not satisfied. In ceramic material, cations 
are in general transition-metal cations and the oxidation num 
ber of a transition metal may vary in certain ranges but the 
oxidation number of an anion is hard to change. Accordingly, 
the oxidation number of the cation cannot be maintained at +y 
but reduces to +y'y'-y(1-z). 
0018. The fourth type is an anion-excessive non-stoichio 
metric compound represented by MX. In this formula, the 
molar ratio of the cation (MP) is 1, which means that all the 
lattice points of the cation are filled. The molar ratio 1 +Z of the 
anion MP means that all anion lattice points are filled and, in 
addition, the excessive Z. mol of the anions are positioned at 
interstitial sites between lattice points. This type of point 
defect is an interstitial anion defect. If the cation MP having 
a positive charge of +y is present in an amount of 1 mol and 
the negative ions having the negative charge of-y are present 
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in an amount of 1+Z mol, which is greater than 1 mol, elec 
troneutrality is not satisfied. Accordingly, the oxidation num 
ber of the cation cannot be maintained at +y but increases to 

Technical Problem 

0019. The object of the present invention is to provide an 
anion-deficient lithium transition-metal phosphate, which 
shows high ion conductivity, contains a decreased amount of 
impurities which are not electrochemically active, and has 
improved characteristics as an electro-active material. The 
present invention is also to provide a method for preparing an 
anion-deficient lithium transition-metal phosphate, and elec 
trochemical device using the same. 

Technical Solution 

0020. The present invention is based on the surprising and 
unexpected discovery that the electrochemical utility and per 
formance of a lithium transition-metal phosphate can be strik 
ingly improved by controlling the amount and distribution of 
anion vacancies. 
0021. A compound of the present invention is an anion 
deficient lithium iron phosphate represented by the following 
chemical formula 1: 

LiM(PO4), (1) 
0022 wherein 0sys0.15, 0sys0.05, and M is repre 
sented by the following formula 2 

M.m.M.F. (2) 
(0023 wherein M' is at least one element selected from the 
group consisting of the Group 2 elements of the periodic 
table, M is at least one element selected from the group 
consisting of Group 13 elements of the periodic table, M' is at 
least one element selected from the group consisting of Sc., Ti, 
V, Cr, Mn, Co, Ni, Cu, Zn, Y, Zr, Nb, and Mo, and wherein 
Osas 1, Osbs0.575, Osts 1,0s(a+b)s 1, and Os(a+b+t) 
s1. 
0024. Further, the invention provides a method for prepar 
ing an anion-deficient lithium transition-metal phosphate 
comprising: preparing a precursor of lithium transition-metal 
phosphate; mixing said precursor with water under reaction 
conditions of 200-700 and 180-550 bar to produce an anion 
deficient lithium transition-metal phosphate; and calcining, 
or granulating and calcining the resultant compound. 

Advantageous Effects 

0025. In general, lithium transition-metal phosphates pro 
duced by conventional methods have fundamental drawbacks 
of low electron conductivity, i.e., low lithium ion diffusion 
rates. Further, because the oxidation states of transition met 
als are hard to control in the course of preparation and appli 
cation, impurities which are not electrochemically active are 
easily formed. In the lithium transition-metal phosphates of 
the present invention, such drawbacks are fundamentally 
resolved by anion vacancies generated due to the shortage of 
anions. 
0026. If anion vacancies are formed, the diffusion routes 
of lithium ions are enlarged and the repulsive force between 
lithium ions in the vicinity of vacancies and transition metal 
cations promotes lithium ion diffusion during the deinterca 
lation of lithium ions, resulting in increasing the lithium 
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diffusion rate and ion conductivity. As the lithium diffusion 
rate increases, the concentration gradient of lithium ions from 
the surface to the center of a particle becomes relatively 
gentle, the resistance caused by concentration polarization is 
decreased, and output characteristics are increased, leading to 
improved properties of the electrode material. 
0027. Further, as a lithium transition-metal phosphate of 
the present invention runs short of anions, in order to satisfy 
electroneutrality, the oxidation number of metal cations 
decreases. Accordingly, the anion vacancies in the crystal 
improve the properties of electrode-active material by sup 
pressing the generation of impurities of low electrochemical 
activity caused by oxidation of transition metals. 
0028. As a result, an anion-deficient non-stoichiometric 
lithium transition-metal phosphate of the present invention, 
as compared with conventional lithium transition-metal 
phosphates, has high ion conductivity and chemical stability, 
provides improved output, high capacity, and long life for 
electrochemical devices such as secondary batteries. Further, 
a method of the present invention, as compared with conven 
tional methods, provides an easy way to produce an anion 
deficient non-stoichiometric lithium transition-metal phos 
phate, and realizes high productivity, high reliability, and 
high cost-effectiveness. 

DESCRIPTION OF DRAWINGS 

0029 FIG. 1 is a SEM photograph of 1,000 times magni 
fication of the anion-deficient lithium transition-metal phos 
phate particles which were synthesized, granulated and cal 
cined in Example 1. 
0030 FIG. 2 is a SEM photograph of a granule of FIG. 1 at 
a magnification of 50,000 times and shows nanometer-size 
ultrafine particles which constitute the granule.) 
0031 FIGS. 3, 4, 5, 6, 7, 8,9, and 10 show the results of 
Rietveld refinement of X-ray diffraction patterns obtained 
from the compounds synthesized in Examples 1,4,5,8,9, 12, 
13 and 14, respectively. 
0032 FIG. 11 depicts plots (a) to (u) which are X-ray 
diffraction patterns of the compounds of Examples 1 to 21, 
respectively. 
0033 FIGS. 12, 13, 14, 15, and 16 compare the impedance 
of the lithium transition-metal phosphates synthesized in 
Example 1 and Comparative Example 1 (FIG. 12), Example 
5 and Comparative Example 5 (FIG. 13), Example 9 and 
Comparative Example 9 (FIG. 14). Example 13 and Com 
parative Example 13 (FIG. 15), and Example 14 and Com 
parative Example 14 (FIG. 16). 
0034 FIGS. 17, 18, 19, 20, and 21 show lithium chemical 
diffusion coefficients measured with the GITT (Galvanostatic 
Intermittent Titration Technique) method at various charge? 
discharge conditions for the lithium transition-metal phos 
phates synthesized in Example 1 and Comparative Example 1 
(FIG. 17), Example 5 and Comparative Example 5 (FIG. 18), 
Example 9 and Comparative Example 9 (FIG. 19), Example 
13 and Comparative Example 13 (FIG. 20), and Example 14 
and Comparative Example 14 (FIG. 21). 
0035 FIG. 22 shows the relationship between the molar 
ratios of phosphorus to the metal M (P/M) and the lithium 
diffusion coefficients measured on the lithium manganese 
cobalt nickel iron phosphates synthesized in Examples 14, 
18, 19, 20 and 21 and Comparative Examples 14 and 15. 
0036 FIGS. 23, 24, and 25 are the charge/discharge 
graphs of lithium secondary batteries adopting the anion 
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deficient lithium manganese iron phosphates synthesized in 
Examples 1, 2, and 3 as cathode-active materials. 
0037 FIG. 26 compares the charge/discharge graphs of 
lithium secondary batteries which adopt the lithium manga 
nese iron phosphates synthesized in Example 2 (graph (a)) 
and Comparative Example 2 (graph (b)) as cathode-active 
materials. 

MODE FOR INVENTION 

0038 A compound of the present invention represented by 
Li-M(PO), (0sxs0.15, 0sys0.05) is anion-deficient 
lithium transition-metal phosphate, wherein the molar ratio 
of the cation M is 1 and the molar ratio of the anion PO, is less 
than 1. The present compound is compositionally and struc 
turally distinct from the conventional lithium transition-metal 
phosphates. 
0039. In chemical formula 1, the molar ratio of the lithium 
ions means the ratio of the lithium ions which are constituents 
of the anion-deficient lithium transition-metal phosphate. In 
reality, when preparing a lithium transition-metal phosphate 
as an electrode-active material, in order to compensate for 
lithium which volatilizes during calcination or in order to 
maximize the discharging capacity of a lithium secondary 
battery, an excessive amount of a lithium precursor is intro 
duced as a reactant. Accordingly, the molar ratio of lithium in 
a synthesized lithium iron phosphate may be greater than that 
in the above chemical formula. However, lithium introduced 
for the above purposes does not exist in the anion-deficient 
lithium transition-metal phosphate of the present invention 
but is present as an impurity having electrochemical activity. 
A representative example of such lithium ions is those exist 
ing in the form of a Surface defect on a crystal. 
0040. In chemical formula 1, y corresponds to the amount 
of anion vacancies. In order to maintain electroneutrality 
when anion vacancies are generated, the average oxidation 
number of Mshould decrease or the amount of lithium ions of 
a +1 oxidation state should decrease. For example, in a sto 
ichiometric lithium transition-metal phosphate LiMPO, if 
anion PO vacancies are generated without change in the 
average oxidation number of M, the amount of Li should 
decrease by three times the amount of decrease of PO in 
order to maintain electroneutrality. 
0041. As above, the formation of vacancies of the anion 
PO and vacancies of the cation Li in the amount of three 
times the PO vacancies is called a Schottky defect, which is 
a typical mechanism of forming vacancies. According to this 
mechanism, the relation of x=3y is maintained and thus if 
OsysO.05, then Osxs0.15. In contrast, in the anion-defi 
cient lithium transition-metal phosphates of the present 
invention, the oxidation number of M may change, and thus X 
and y may independently change without satisfying the rela 
tion of x=3y. That is, regardless of the range ofy, X may be less 
than 0 or greater than 0.15. For example, X may be -1 sxs 1. 
However, if structural and chemical stability and electro 
chemical activity in the course of preparation and application 
are taken into account, a preferred range of X is 0sXs:0.15. 
0042. In chemical formula 1, the value of y, which indi 
cates the amount of anion vacancies, is 0sys0.05. If ys0. 
the compound is not anion-deficient, and if yo-0.05, the struc 
ture of the compound is unstable and electrochemical activity 
deteriorates. Preferably the value of y is 0.01 sys0.05, more 
preferably 0.02sys0.05, and most preferably 0.03sys0. 
05. 
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I0043. In chemical formula 2, M has a +2 oxidation state, 
and M has a +3 oxidation state. In contrast, Fe generally has 
an oxidation state of +2 or +3, and M' may have various 
oxidation states of +1 to +7. Accordingly, according to the 
amounts of M', M', M, and Fe, the oxidation numbers of M 
and Fe change so that electroneutrality is maintained. 
0044) If the average oxidation number of cations having 
different oxidation numbers is denoted as V, when 0sxs0.15 
and 0sys0.05, the average oxidation number v is 
1.85svs2.15. If 0.01sys0.05, then 1.85s vs2.12. Fur 
ther, if 0.02sys0.05, then 1.85svs2.09, and if 0.03sys0. 
05, then 1.85svs2.06. If the average oxidation number of 
M is denoted as v', and the average oxidation number of Fe 
is V, V is expressed by the following equation 1, and the range 
of v, which is limited by the requirement for electroneutrality, 
limits the amounts of M', M. M. and Fe and the oxidation 
numbers of M and Fe. 

If all Fe have a +2 oxidation state, then V-2 and V can be 
simply expressed by the following equation 2 (In equation 1. 
as the average oxidation number v' of Mapproaches +1, the 
possibility of the occurrence of Fe" becomes high. If Fe" 
exists, equation 2 cannot be used): 

I0045. The Group 2 elements which constitute M' increase 
the stability of the crystal structure and help improve chemi 
cal stability and life. Preferably, M' is at least one selected 
from Mg and Ca, more preferably, it is Mg. Since M has a+2 
oxidation State, the compound can have a stable structure 
when Osas 1. However, ifa is 1, the compound is of no use 
as electrode-active material because it has no electrochemical 
activity, and thus the range of a is limited to Osas 1. Also, the 
range of a is preferably Osas ().30, and more preferably 
Osas (). 15. 
0046) The Group 13 elements which constitute M' lower 
the average oxidation number of the transition metal M. 
prevent oxidation, improve electrochemical activity, and Sup 
press the generation of impurities. Preferably, M' is at least 
one selected from B, Al, and Ga, and more preferably it is Al. 
Since M has a +3 oxidation state, it cannot be doped beyond 
a certain degree. In chemical formulas 1 and 2, the greatest 
amount of M can be dissolved when the average oxidation 
number of M is +1, and in this case, when 0s Xs:0.15 and 
OsysO.05, the upper limit of b, which denotes the amount of 
M, is 0.575. The range of b is preferably 0.sbs. 0.20 and 
more preferably Osbs0.10. 
0047 M is at least one element selected from Sc,Ti,V, Cr, 
Mn, Co, Ni, Cu, Zn, Y, Zr, Nb and Mo, which are the elements 
of periods 4 and 5 of the periodic table excluding Fe. Transi 
tion metals have various oxidation numbers ranging from +1 
to +7 and various electrochemical activities. Depending on 
which transition metals are employed, most of the fundamen 
tal properties of an electrode-active material (theoretical 
capacity and potential) are greatly affected. Accordingly, M. 
can be constituted in accordance with a required battery sys 
tem. Preferably, M' is at least one element selected from Ti,V. 
Cr, Mn, Co, Ni, Cu, Zn, Zr, Nb, and Mo, and more preferably 
it is at least one element selected from Mn, Co, and Ni. 
0048. An anion-deficient lithium transition-metal phos 
phate of the present invention necessarily contains at least one 
element selected from the group consisting of Groups 2 and 
13 elements, Sc., Ti,V, Cr, Mn, Co, Ni, Cu, Zn, Y, Zr, Nb and 
Mo. 
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0049. An anion-deficient lithium transition-metal phos 
phate of chemical formula 1 is preferably crystalline. Here, 
depending on the array of the polyanion PO having a tetrago 
nal structure, compounds may have various crystal structures, 
but olivine structure is preferred. 
0050. An anion-deficient lithium transition-metal phos 
phate of the present invention can be used as an electrode 
active material for secondary batteries, memory devices, and 
capacitors including hybrid capacitors (P-EDLC), and other 
electrochemical devices, preferably as a cathode-active mate 
rial for secondary batteries. 
0051. An electrode can be made in conventional ways 
well-known in the art. For example, an electrode can be made 
by mixing an anion-deficient lithium transition-metal phos 
phate as a cathode-active material with a binder to prepare an 
electrode slurry, and coating the obtained electrode slurry on 
a current collector. In making Such an electrode, a conducting 
agent can optionally be used. 
0.052 The present invention provides an electrochemical 
device comprising (a) a cathode containing an anion-deficient 
lithium transition-metal phosphate, (b) an anode, (c) a sepa 
rator, and (d) an electrolyte. An electrochemical device of the 
present invention can be made, for example, according to any 
conventional method known in the art, by interposing a 
porous separator between a cathode and an anode and adding 
an electrolyte. There is no limitation to an anode, an electro 
lyte, and a separator which are used together with a cathode of 
the present invention, and those conventionally used in elec 
trochemical devices can be adopted. 
0053. The electrochemical devices provided by the 
present invention include all devices wherein an electro 
chemical reaction occurs, for example, various secondary 
batteries, memory devices, and capacitors including hybrid 
capacitors (P-EDDC). Preferred examples of the secondary 
batteries include lithium secondary batteries such as lithium 
metal secondary batteries, lithium ion secondary batteries, 
lithium ion polymer secondary batteries, and lithium metal 
polymer secondary batteries. 
0054 An anion-deficient lithium transition-metal phos 
phate of the present invention, as compared with conventional 
lithium transition-metal phosphates, shows high ion conduc 
tivity and good physical and chemical stability, and thereby it 
provides high capacity, high power, long life, and improved 
output characteristics for batteries adopting it, and enables the 
fabrication of a more homogeneous electrode plate, reducing 
the formation of defective batteries. 

0055 An anion-deficient lithium transition-metal phos 
phate of the present invention may be synthesized based on a 
hydrothermal synthesis method that uses Supercritical or Sub 
critical water, by controlling reaction variables, such as the 
mixing ratios of reactants, reaction temperature, and reaction 
pressure. 
0056. A method of the present invention requires only a 
few seconds at a high temperature and a high pressure for 
synthesizing an anion-deficient lithium transition-metal 
phosphate. Also, the present method does not require a sepa 
rate process for mixing a lithium source at a calcination step 
and does not require heat treatment time for lithium ion dif 
fusion, because the lithium transition-metal phosphate 
already contains lithium ions before the calcination step. 
Accordingly, time needed for synthesizing a final electrode 
active material can be shortened. 
0057 Specially, in the case of lithium transition-metal 
phosphates, because electron conductivity and ion conduc 
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tivity are low, the smaller the particle size, the more advanta 
geous. Since a method of the present invention enables the 
production of ultrafine particles without requiring a separate 
process for making the particles ultrafine, commercialization 
can be easily realized. 
0058. Further, since the crystallization of lithium transi 
tion-metal phosphate proceeds very rapidly in water under a 
Supercritical or Subcritical condition, if a phosphate having a 
greater Solubility than the metal precursor is used, the phos 
phate takes part in the crystallization in a relatively smaller 
amount, resulting in the formation of more anion vacancies. 
Accordingly, a method of the present invention enables the 
easy preparation of anion-deficient lithium transition-metal 
phosphates. 
0059 Specifically, an anion-deficient lithium transition 
metal phosphate of the present invention can be prepared 
according to a method comprising the following steps: 

0060 (a) mixing a precursor of the metal M, a phos 
phate compound, an alkalinizing agent, and a lithium 
precursor to prepare a precursor of lithium transition 
metal phosphate; 

0061 (b) mixing the precursor of the lithium transition 
metal phosphate of step (a) with water under reaction 
conditions of a temperature of 200-700 and a pressure of 
180-550 bar to produce anion-deficient lithium transi 
tion-metal phosphate, and drying the thus-synthesized 
compound; and 

0062 (c) subjecting the resultant compound of step (b) 
either to calcination or to granulation and Subsequent 
calcination. 

0063 Hereinbelow is given a more detailed explanation of 
each step. 

Step (a): Preparing a Precursor of an Anion-Deficient Lithium 
Transition-Metal Phosphate by Mixing a Precursor of the 
Metal M, a Phosphate Compound, an Alkalinizing Agent, and 
a Lithium Precursor 

0064. As a precursor of the metal M, any compound can be 
used as long as it is a salt containing the metal M of chemical 
formula 1 and can be ionized. Preferred ones are water 
soluble compounds. Non-limiting examples of the metal M’s 
precursors include nitrates, sulfates, acetates, carbonates, 
oxalates, halides, oxides, hydroxides, alkoxides, and combi 
nations thereof which contain the metal M. Particularly, 
nitrates, sulfates, and acetates are preferred. 
0065. As a phosphate compound, any ionizable compound 
containing the phosphate group can be used. Preferred are 
water-soluble compounds. Non-limiting examples of the 
phosphate compounds include phosphoric acid, ammonium 
phosphate, hydrogen ammonium phosphate, lithium phos 
phate, phosphate containing at least one constituent of the 
metal M, and combinations thereof. Particularly, phosphoric 
acid is preferred. 
0.066 Any alkalinizing agent can be used as long as it 
makes a reaction Solution alkaline. Non-limiting examples of 
the alkalinizing agents are alkali metal hydroxides, alkaline 
earth metal hydroxides, ammonium hydroxide, ammonium 
compounds, TRAH (tetra-alkyl ammonium hydroxide) and 
mixtures thereof. Particularly, alkali metal hydroxides and 
ammonium hydroxide are preferred. 
0067. As a lithium precursor, any compound can be used 
as long as it is a water-soluble salt containing lithium and is 
ionizable. Non-limiting examples thereof include lithium 
hydroxide, lithium nitrate, lithium sulfate, lithium acetate, 
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and mixtures thereof. Particularly, lithium hydroxide is pre 
ferred because it serves as a Source of lithium and increases 
alkalinity. 
0068. In step (a), the molar ratio of Li to M, i.e., Li/M, is 
preferably 1.0 to 20, and more preferably 1.0 to 10. If the 
value of Li/M is too low, only a small amount of lithium 
participates in the reaction to form an anion-deficient lithium 
transition-metal phosphate, and the precursors of the metal M 
which do not participate in the reaction with lithium will 
form, for example, impurities like oxides, and thus reduces 
the purity of the desired product. Meanwhile, if said value is 
too high, the lithium excessively added should be recovered 
from a discharged solution or wasted, thereby lowering eco 
nomic efficiency. 
0069. In step (a), the alkali equivalent ratio of a mixture 
containing a precursor of the metal M. phosphate compound, 
alkalinizing agent and lithium precursor is preferably 1 to 10, 
but is not limited thereto. The alkali equivalent ratio is defined 
as the ratio between the number of equivalents of hydroxyl 
ions and the number of equivalents of acid groups (NOSO 
etc.) in the mixture. If the alkali equivalent ratio is too low, 
impurities will be present in the product, and if it is too high, 
alkaline content in wastewater will be excessively high. 
0070. When mixing said metal M’s precursor, phosphate 
compound, alkalinizing agent, and lithium precursor, there is 
no special limitation to the method and order of mixing. For 
example, they can be mixed with water all at once, or they can 
be separately introduced into water, or the metal M’s precur 
sor, phosphate compound, alkalinizing agent, and lithium 
precursor can be mixed first and then the mixture can be 
introduced into water. 
Step (b): Producing an Anion-Deficient Lithium Transition 
Metal Phosphate by Mixing the Precursor of Anion-Deficient 
Lithium Transition-Metal Phosphate with Water Under a 
Supercritical or Subcritical Reaction Condition, and Drying 
the Thus-Obtained Compound 
0071 Reaction temperature and pressure should be suit 
able so that the anion-deficient lithium transition-metal phos 
phate of a desired composition can be produced. A Supercriti 
cal or Subcritical condition used herein is a condition where 
temperature ranges from 200 to 700° C. and pressure from 
180 to 550 bar. Preferably, said condition should be main 
tained continuously. A continuous reactor type is preferred. 
0072 A reaction temperature below 200 makes it difficult 
to obtain a single-phase high-crystallinity anion-deficient 
lithium transition-metal phosphate, and a temperature above 
700 increases the cost of an apparatus for synthesizing the 
compound. Although hydroxides of alkali metals such as 
lithium, Sodium, and potassium have high solubility in water 
at ambient temperature and atmospheric pressure, the solu 
bility markedly decreases if the density of water decreases 
due to high temperature and high pressure. In the case of 
LiOH, in order to significantly decrease its solubility, it is 
necessary to maintain the pressure between 180 and 550 bar 
and the temperature between 200 and 700 simultaneously. 
0073 pH during the reaction is preferably greater than 4.0 
and equal to or less than 12.0. If the pH is 4.0 or less, the 
produced anion-deficient lithium transition-metal phosphate, 
undesirably, dissolves at the low pH. Meanwhile, a pH above 
12.0 causes by-products, corrosion of apparatus, and waste of 
alkalinizing agents, and necessitates separate steps for wash 
ing out an excessive amount of alkalinizing agents and for 
treating a discharged solution, thereby resulting in low eco 
nomic efficiency. 
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0074 Mixing is preferably carried out in a continuous 
mixer Such as a tube-type mixer. In such a mixer, anion 
deficient lithium transition-metal phosphate is uniformly 
formed. 
0075. Thereafter, the reaction product is subject to cool 
ing, concentrating and drying. Before a concentrate is subject 
to drying, it may be washed with clean water to remove 
impurity salts and ionic impurities which can remain in the 
COncentrate. 
0076. The average size of the primary particles prepared at 
step (b) is 0.01-5 um, preferably 0.01-1 um and more pref 
erably 0.01 to 0.5um. 

Step (c): Subjecting the Resultant Compound of Step (b) 
Either to Calcination or to Granulation and Subsequent Cal 
cination 

0077. An anion-deficient lithium transition-metal phos 
phate produced at step (b) has low crystallinity and the aver 
age size of the primary particles is so Small that they are not 
Suitable for use as a cathode-active material for secondary 
batteries. Accordingly, step (c) improves the crystallinity and 
controls the size to be suitable for use as a cathode-active 
material. Preferred size of the cathode-active material for 
secondary batteries is 1 to 100 Lum. 
0078 Granulation can be conducted simultaneously with 
drying using various methods known in the art, Such as spray 
drying, fluidized-bed drying, vibration drying. Particularly, 
spray drying is preferred because it increases the tap density 
of granules by making the granules spherical. 
0079 Calcination increases the crystallinity of an anion 
deficient lithium transition-metal phosphate and improves 
adhesion between crystal particles. Calcination is preferably 
carried out right after said step (b). Granulation and Subse 
quent calcination are carried out preferably in a continuous 
manner, because in this case, primary particles, which con 
stitute granules, grow with crystallographic stability. If cal 
cination is not performed, crystals will not be stabilized,and 
the unstable Surface collapses, which causes a serious dete 
rioration in the initial charge and discharge capacities of 
batteries. Also, without calcination, an electrode-active mate 
rial will undesirably have a large specific Surface area, low tap 
density, and, as a result, low capacity per Volume. 
0080 Calcining temperature and time are not limited to 
specific ranges, but are preferably 300 to 1,200 and 1 to 48 
hours, respectively. If the temperature is too low or the time is 
too short, sintering among primary particles may not occur 
Sufficiently, which results in primary particles having low 
crystallinity and a large specific Surface area, and showing a 
low tap density in an electrode. A compound of low crystal 
linity changes to a different material during charge and dis 
charge, thereby deteriorating battery performances, such as 
charge and discharge capacities, power output, and life. 
Meanwhile, if the temperature is too high or the time is too 
long, excessive sintering occurs, which brings about disad 
Vantages such as phase decomposition, and processing cost 
increases. 
0081. Before, after, or during at least one of the above 
steps (a), (b), and (c), it is possible to add one or more 
additives selected from the group consisting of binders, sin 
tering aids, doping agents, coating agents, reducing agents, 
oxidizing agents, carbon precursors, metal oxides, and 
lithium compounds. 
0082 Abinder can be used to make granules spherical and 
improve particle size distribution. Non-limiting examples of 
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the binders include water, ammonia water, PVA (poly vinyl 
alcohol), and mixtures thereof. 
I0083. A sintering aid can be used during the calcination of 
granules at a high temperature to lower the sintering tempera 
ture or to increase sintering density. Non-limiting examples 
of the sintering aids include metal oxides, such as boron 
oxide, magnesium oxide and aluminum oxide, and precursors 
thereof, and lithium compounds, such as lithium fluoride, 
lithium hydroxide and lithium carbonate, and precursors 
thereof. 
0084. A doping agent and a coating agent are used to 
improve the durability of an anion-deficient lithium transi 
tion-metal phosphate. Non-limiting examples thereof include 
metal oxides, such as magnesium oxide, aluminum oxide, 
titanium oxide, Zirconium oxide, and precursors thereof. 
0085. A reducing agent or an oxidizing agent can be used 
to control a certain step to a reducing or oxidizing atmo 
sphere. In the case of anion-deficient lithium transition-metal 
phosphate, a suitable reducing agent can be used to increase 
electron conductivity and to Suppress transition-metal oxida 
tion or for other purposes. Non-limiting examples of the 
reducing agents include hydrazine, sodium phosphite, 
Sodium sulfite, sodium nitrite, potassium iodide, Sucrose, 
fructose, Oxalic acid, ascorbic acid, hydrogen, carbon, hydro 
carbon, and mixtures thereof. Non-limiting examples of the 
oxidizing agents include oxygen, chlorine, bromine, hydro 
gen peroxide, permanganic acid, permanganate, hypochlo 
rite, chlorate, oZone, and their mixtures. 
I0086 An acid is used to promote a reaction. Non-limiting 
examples of the acids include phosphoric acid, pyrophospho 
ric acid, polyphosphoric acid, nitric acid, Sulfuric acid, hydro 
chloric acid, acetic acid, oxalic acid, compounds of these 
acids, and mixtures thereof. 
I0087 Carbon precursors can be used for coating the sur 
face of an anion-deficient lithium transition-metal phosphate 
to improve electron conductivity. Non-limiting examples of 
the carbon precursors include graphite, Sucrose, fructose, 
oxalic acid, ascorbic acid, starch, cellulose, polyvinyl alcohol 
(PVA), and polyethylene glycol (PEG) and mixtures thereof. 
I0088 A lithium compound can be added in a calcination 
step to increase lithium content in an anion-deficient lithium 
transition-metal phosphate. Non-limiting examples of the 
lithium compound include lithium fluoride, lithium hydrox 
ide, lithium carbonate, lithium nitrate, lithium acetate, and 
mixtures thereof. 
I0089. The composition of an anion-deficient lithium tran 
sition-metal phosphate is affected by various factors, such as 
the mixing ratios of a metal precursor, a phosphate com 
pound, an alkalinizing agent, a lithium precursor and water; 
the pH of the mixture; and reaction temperature and pressure, 
etc. By controlling these factors, the composition of a com 
pound can be controlled. Although there can be an optimal 
combination of said factors for obtaining a compound of a 
specific composition, the number of combinations for synthe 
sizing compounds of the same composition is not limited to 
one. A person of skill in the art would know specific combi 
nations of the above factors for obtaining a certain composi 
tion without undue experimentation. 

EXAMPLES 

0090 The present invention can be explained in more 
detail through the following Examples and Comparative 
Examples. However, these examples are for the purpose of 
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showing some embodiments of the present invention and they 
should not be interpreted as limiting the Scope of the present 
invention. 

Example 1 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Mn and 

Fe 

0091. A first water solution was prepared by dissolving 
0.25 mol of manganese sulfate (MnSO) and 0.75 mol of 
ferrous sulfate (FeSO) as precursors of the metal M. 1 mol of 
phosphoric acid as a phosphate compound, and 27.8 g of 
Sucrose as a reducing agent in 1.6 L of water. A second water 
Solution was prepared by dissolving 1.5 mol of ammonia as 
an alkalinizing agent and 2 mol of lithium hydroxide as a 
lithium precursor in 1.2 L of water. 
0092. The above two water solutions were processed in the 
order of the following steps (a), (b), and (c) to prepare an 
anion-deficient lithium manganese iron phosphate. 
0093 Step (a): The above two water solutions were mixed 
by continuously pumping each of them into a mixer at room 
temperature and a pressure of 250 bar. As a result, a slurry 
containing a lithium transtion-metal phosphate precursor was 
prepared. 
0094 Step (b): The lithium transtion-metal phosphate pre 
cursor was mixed with ultra-pure water in a mixer by pump 
ing, under a pressure of 250 bar, ultra-pure water of about 450 
onto the precursor in the mixer. The mixture was moved to a 
reactor maintained at 380 and 250 bar and remained therein 
for seven seconds. An anion-deficient lithium transtion-metal 
phosphate having low crystallinity was consecutively 
formed. The lithium iron phosphate was cooled and concen 
trated. The concentrate was mixed with sucrose of 10 wt % 
based on the weight of the lithium transtion-metal phosphate 
component in the concentrate, and the mixture was spray 
dried in a spray dryer to form granules. 
0095 Step (c): The dry granules formed through spray 
drying were calcined for 10 hours at 700, thereby producing 
an anion-deficient lithium transtion-metal phosphate with 
improved crystallinity and improved adhesion between crys 
tal particles. 
0096. At step (b), the pH of the mixture in the mixer was 
85. 
0097 Scanning electron microscopy (SEM) was per 
formed to determine the sizes and the shapes of lithium tran 
stion-metal phosphate particles. FIG. 1 is a SEM photograph 
of granulated particles at a magnification of 1,000 times and 
shows that the particle size is 5-30 Lum. FIG. 2 is a SEM 
photograph which was taken of part of a granule at a magni 
fication of 50,000 times and shows nanometer-size ultrafine 
particles which constitute the granule. 
0098 FIG.3 shows the result of Rietveld refinement per 
formed on X-ray diffraction patterns of the synthesized com 
pound. The occupancy ratios of the ions in a unit cell were 
computed by modeling the result of Rietveld refinement, and 
it was found that the compound was Lioso (Minos Feo. 7s) 
(PO4)o 96. 
0099 (As set forth above, for the purpose of maximizing 
the discharging capacity of a lithium secondary battery etc., 
Li may be added in an excessive amount when preparing a 
lithium transtion-metal phosphate. Such excessively added Li 
was excluded from the amount of lithium in calculating the 
above molar ratio of Li. The molar ratio counted only the Li 
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which constituted the anion-deficient lithium transtion-metal 
phosphate of the present invention. The molar ratio of Li was 
calculated in the same way in the other Examples given 
below.) 

Example 2 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Mn and 

Fe 

0100. A first water solution was prepared by dissolving 
0.50 mol of manganese sulfate, 0.50 mol of ferrous sulfate, 1 
mol of phosphoric acid, and 27.8 g of sucrose in 1.6 L of 
water. A second water Solution was prepared by dissolving 
1.5 mol of ammonia and 2 mol of lithium hydroxide in 1.2 L 
of water. 
0101 The above two solutions were processed in the same 
way under the same conditions as in steps (a), (b), and (c) of 
Example 1 except that the pH of the mixture in the mixer in 
step (b) was different (likewise, pH varies depending on the 
identity and amounts of the starting materials in the other 
Examples given below). As a result, an anion-deficient 
lithium manganese iron phosphate was obtained. 
0102 The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer and the compound was 
found to be Liogo (MinosoFeogo)(PO4)696. 

Example 3 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Mn and 

Fe 

0103) A first water solution was prepared by dissolving 
0.75 mol of manganese sulfate, 0.25 mol of ferrous sulfate, 1 
mol of phosphoric acid, and 27.8 g of sucrose in 1.6 L of 
water. A second water Solution was prepared by dissolving 
1.5 mol of ammonia and 2 mol of lithium hydroxide in 1.2 L 
of water. 
0104. An anion-deficient lithium manganese iron phos 
phate was prepared by processing the above two solutions in 
the same way under the same conditions as in steps (a), (b). 
and (c) of Example 1. 
0105. The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Lioloo (Mino. 7s Feo.2s)(PO4)oo7. 

Example 4 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is Mn 

0106 A first water solution was prepared by dissolving 1 
mol of manganese Sulfate, 1 mol of phosphoric acid, and 27.8 
g of Sucrose in 1.6 L of water. A second water Solution was 
prepared by dissolving 1.5 mol of ammonia and 2 mol of 
lithium hydroxide in 1.2 L of water. 
0107 An anion-deficient lithium manganese phosphate 
was prepared by processing the above two solutions in the 
same way under the same conditions as in steps (a), (b), and 
(c) of Example 1. 
0.108 Rietveld refinement was performed on the X-ray 
diffraction pattern of the final product, and the occupancy 
ratios of the ions in a unit cell were computed by modeling the 
result of Rietveld refinement and, as a result, the final product 
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was found to be Lio, Mn(PO)7. FIG. 4 shows the result of 
Rietveld refinement performed on the X-ray diffraction pat 
tern. 

Example 5 
Preparation of an Anion-Deficient Compound 

Wherein the Metal M is a Combination of Co and Fe 

0109. A first water solution was prepared by dissolving 
0.25 mol of cobalt nitrate (Co(NO)), 0.75 mol of ferrous 
sulfate, 1 mol of phosphoric acid, and 27.8g of sucrose in 1.6 
L of water. A second water Solution was prepared by dissolv 
ing 1.5 mol of ammonia and 2 mol of lithium hydroxide in 1.2 
L of water. 
0110. An anion-deficient lithium cobalt iron phosphate 
was prepared by processing the above two solutions in the 
same way under the same conditions as in steps (a), (b), and 
(c) of Example 1. 
0111 Rietveld refinement was performed on the X-ray 
diffraction pattern of the final product, and the occupancy 
ratios of the ions in a unit cell were computed by modeling the 
result of Rietveld refinement and, as a result, the final product 
was found to be Lio (Coos Feo. 7s) (PO)ooz. FIG. 5 shows 
the result of Rietveld refinement performed on the X-ray 
diffraction pattern. 

Example 6 
Preparation of an Anion-Deficient Compound 

Wherein the Metal M is a Combination of Co and Fe 

0112 A first water solution was prepared by dissolving 
0.50 mol of cobalt nitrate, 0.50 mol of ferrous sulfate, 1 mol 
of phosphoric acid, and 27.8g of sucrose in 1.6 L of water. A 
second water solution was prepared by dissolving 1.5 mol of 
ammonia and 2 mol of lithium hydroxide in 1.2 L of water. 
0113. An anion-deficient lithium cobalt iron phosphate 
was prepared by processing the above two solutions in the 
same way under the same conditions as in steps (a), (b), and 
(c) of Example 1. 
0114. The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Liolo (CoosoFeoso)(PO4)oo7. 

Example 7 
Preparation of an Anion-Deficient Compound 

Wherein the Metal M is a Combination of Co and Fe 

0115 A first water solution was prepared by dissolving 
0.75 mol of cobalt nitrate, 0.25 mol of ferrous sulfate, 1 mol 
of phosphoric acid, and 27.8g of sucrose in 1.6 L of water. A 
second water solution was prepared by dissolving 1.5 mol of 
ammonia and 2 mol of lithium hydroxide in 1.2 L of water. 
0116. An anion-deficient lithium cobalt iron phosphate 
was prepared by processing the above two solutions in the 
same way under the same conditions as in steps (a), (b), and 
(c) of Example 1. 
0117 The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Liogo (Coo. 7s Feo.2s)(PO4)o 97. 

Example 8 
Preparation of an Anion-Deficient Compound 

Wherein the Metal M is Co 

0118. A first water solution was prepared by dissolving 1 
mol of cobalt nitrate, 1 mol of phosphoric acid, and 27.8g of 
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Sucrose in 1.6 L of water. A second water Solution was pre 
pared by dissolving 1.5 mol of ammonia and 2 mol of lithium 
hydroxide in 1.2 L of water. 
0119) An anion-deficient lithium cobalt phosphate was 
prepared by processing the above two solutions in the same 
way under the same conditions as in steps (a), (b), and (c) of 
Example 1. 
I0120 Rietveld refinement was performed on the X-ray 
diffraction pattern of the final product, and the occupancy 
ratios of the ions in a unit cell were computed by modeling the 
result of Rietveld refinement and, as a result, the final product 
was found to be Lioso,Co(PO)oo7. FIG. 6 shows the result of 
Rietveld refinement performed on the X-ray diffraction pat 
tern. 

Example 9 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Ni and Fe 

I0121 A first water solution was prepared by dissolving 
0.25 mol of nickel nitrate (Ni(NO)), 0.75 mol of ferrous 
sulfate, 1 mol of phosphoric acid, and 27.8g of sucrose in 1.6 
L of water. A second water Solution was prepared by dissolv 
ing 1.5 mol of ammonia and 2 mol of lithium hydroxide in 1.2 
L of water. 
I0122) An anion-deficient lithium nickel iron phosphate 
was prepared by processing the above two solutions in the 
same way under the same conditions as in steps (a), (b), and 
(c) of Example 1. 
I0123 Rietveld refinement was performed on the X-ray 
diffraction pattern of the final product, and the occupancy 
ratios of the ions in a unit cell were computed by modeling the 
result of Rietveld refinement and, as a result, the final product 
was found to be Lio (Nio Fez) (PO), . FIG. 7 shows 
the result of Rietveld refinement performed on the X-ray 
diffraction pattern. 

Example 10 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Ni and Fe 

0.124. A first water solution was prepared by dissolving 
0.50 mol of nickel nitrate, 0.50 mol of ferrous sulfate, 1 mol 
of phosphoric acid, and 27.8g of sucrose in 1.6 L of water. A 
second water solution was prepared by dissolving 1.5 mol of 
ammonia and 2 mol of lithium hydroxide in 1.2 L of water. 
0.125. An anion-deficient lithium nickel iron phosphate 
was prepared by processing the above two solutions in the 
same way under the same conditions as in steps (a), (b), and 
(c) of Example 1. 
0.126 The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Lio92(Nioso Feoso)(PO4)o.97. 

Example 11 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Ni and Fe 

I0127. A first water solution was prepared by dissolving 
0.75 mol of nickel nitrate, 0.25 mol of ferrous sulfate, 1 mol 
of phosphoric acid, and 27.8g of sucrose in 1.6 L of water. A 
second water solution was prepared by dissolving 1.5 mol of 
ammonia and 2 mol of lithium hydroxide in 1.2 L of water. 
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0128. An anion-deficient lithium nickel iron phosphate 
was prepared by processing the above two solutions in the 
same way under the same conditions as in steps (a), (b), and 
(c) of Example 1. 
0129. The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Liog2(Nio. 7s Feo.2s)(PO4)oos. 

Example 12 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is Ni 

0130. A first water solution was prepared by dissolving 1 
mol of nickel nitrate, 1 mol of phosphoric acid, and 27.8g of 
Sucrose in 1.6 L of water. A second water Solution was pre 
pared by dissolving 1.5 mol of ammonia and 2 mol of lithium 
hydroxide in 1.2 L of water. 
0131) An anion-deficient lithium nickel phosphate was 
prepared by processing the above two solutions in the same 
way under the same conditions as in steps (a), (b), and (c) of 
Example 1. 
0132) Rietveld refinement was performed on the X-ray 
diffraction pattern of the final product, and the occupancy 
ratios of the ions in a unit cell were computed by modeling the 
result of Rietveld refinement and, as a result, the final product 
was found to be LiNi(PO)s. FIG. 8 shows the result of 
Rietveld refinement performed on the X-ray diffraction pat 
tern. 

Example 13 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Mn, Co, 

and Ni 

0133. A first water solution was prepared by dissolving/3 
(one third) mol of manganese Sulfate, /3 mol of cobalt nitrate, 
/3 mol of nickel nitrate, 1 mol of phosphoric acid, and 27.8 g. 
of Sucrose in 1.6 L of water. A second water Solution was 
prepared by dissolving 1.5 mol of ammonia and 2 mol of 
lithium hydroxide in 1.2 L of water. 
0134. An anion-deficient lithium manganese cobalt nickel 
phosphate was prepared by processing the above two solu 
tions in the same way under the same conditions as in steps 
(a), (b), and (c) of Example 1. 
0135 Rietveld refinement was performed on the X-ray 
diffraction pattern of the final product, and the occupancy 
ratios of the ions in a unit cell were computed by modeling the 
result of Rietveld refinement and, as a result, the final product 
was found to be Lioso (Mino Coos Nios)(PO4)oos. FIG. 9 
shows the result of Rietveld refinement performed on the 
X-ray diffraction pattern. 

Example 14 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Mn, Co, 

Ni, and Fe 

0136. A first water solution was prepared by dissolving 
0.25 mol of manganese sulfate, 0.25 mol of cobalt nitrate, 
0.25 mol of nickel nitrate, 0.25 mol of ferrous sulfate, 1 mol 
of phosphoric acid, and 27.8g of sucrose in 1.6 L of water. A 
second water solution was prepared by dissolving 1.5 mol of 
ammonia and 2 mol of lithium hydroxide in 1.2 L of water. 
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0.137 Ananion-deficient lithium manganese cobalt nickel 
iron phosphate was prepared by processing the above two 
Solutions in the same way under the same conditions as in 
steps (a), (b), and (c) of Example 1. 
0.138 Rietveld refinement was performed on the X-ray 
diffraction pattern of the final product, and the occupancy 
ratios of the ions in a unit cell were computed by modeling the 
result of Rietveld refinement and, as a result, the final product 
was found to be Lioloo (Mino. 25CoosNio as Feos)(PO4)oo7. 
FIG. 10 shows the result of Rietveld refinement performed on 
the X-ray diffraction pattern. 

Example 15 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Mg and 

Fe 

0.139. A first water solution was prepared by dissolving 
0.07 mol of magnesium sulfate (MgSO), 0.93 mol of ferrous 
sulfate, 1 mol of phosphoric acid, and 27.8g of sucrose in 1.6 
L of water. A second water Solution was prepared by dissolv 
ing 1.5 mol of ammonia and 2 mol of lithium hydroxide in 1.2 
L of water. 
0140. An anion-deficient lithium magnesium iron phos 
phate was prepared by processing the above two solutions in 
the same way under the same conditions as in steps (a), (b). 
and (c) of Example 1. 
0.141. The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Lioss (Mgolo.7Feolos)(PO4)696. 

Example 16 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Mg and 

Mn 

0142. A first water solution was prepared by dissolving 
0.10 mol of magnesium sulfate, 0.90 mol of manganese sul 
fate, 1 mol of phosphoric acid, and 27.8g of sucrose in 1.6 L 
of water. A second water Solution was prepared by dissolving 
1.5 mol of ammonia and 2 mol of lithium hydroxide in 1.2 L 
of water. 
0.143 An anion-deficient lithium magnesium manganese 
phosphate was prepared by processing the above two solu 
tions in the same way under the same conditions as in steps 
(a), (b), and (c) of Example 1. 
0144. The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Lio92(MgoloMnogo)(PO4)o.97. 

Example 17 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Al, Mn, 

and Fe 

0145 A first water solution was prepared by dissolving 
0.03 mol of aluminum nitrate (Al(NO)), 0.78 mol of man 
ganese sulfate, 0.19 mol of ferrous sulfate, 1 mol of phospho 
ric acid, and 27.8 g of Sucrose in 1.6 L of water. A second 
water Solution was prepared by dissolving 1.5 mol of ammo 
nia and 2 mol of lithium hydroxide in 1.2 L of water. 
014.6 An anion-deficient lithium aluminum manganese 
iron phosphate was prepared by processing the above two 
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Solutions in the same way under the same conditions as in 
steps (a), (b), and (c) of Example 1. 
0147 The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Lioss (Aloos Mino. 7sfeo.19)(PO4)oos. 

Example 18 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Mn, Co, 

Ni, and Fe 

0148. A first water solution was prepared by dissolving 
0.25 mol of manganese sulfate, 0.25 mol of cobalt nitrate, 
0.25 mol of nickel nitrate, 0.25 mol of ferrous sulfate, 1.1 mol 
of phosphoric acid, and 27.8g of sucrose in 1.6 L of water. A 
second water solution was prepared by dissolving 1.5 mol of 
ammonia and 2 mol of lithium hydroxide in 1.2 L of water. 
0149 Ananion-deficient lithium manganese cobalt nickel 
iron phosphate was prepared by processing the above two 
Solutions in the same way under the same conditions as in 
steps (a), (b), and (c) of Example 1. 
0150. At step (b), the pH of the mixture in the mixer was 
7.9. 
0151. The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Lio94(Mno.2sCoo.2s Nio 2's Feo.2s)(PO4)oos. 

Example 19 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Mn, Co, 

Ni, and Fe 

0152. A first water solution was prepared by dissolving 
0.25 mol of manganese sulfate, 0.25 mol of cobalt nitrate, 
0.25 mol of nickel nitrate, 0.25 mol of ferrous sulfate, 1.2 mol 
of phosphoric acid, and 27.8g of sucrose in 1.6 L of water. A 
second water solution was prepared by dissolving 1.5 mol of 
ammonia and 2 mol of lithium hydroxide in 1.2 L of water. 
0153. An anion-deficient lithium manganese cobalt nickel 
iron phosphate was prepared by processing the above two 
Solutions in the same way under the same conditions as in 
steps (a), (b), and (c) of Example 1. 
0154) At step (b), the pH of the mixture in the mixer was 
6.6. 
0155 The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Lio970Mno.2s Coo2sNio.2s Feo.2s)(PO4)o 99. 

Example 20 

Preparation of an Anion-Deficient Compound 
Wherein the Metal M is a Combination of Mn, Co, 

Ni, and Fe 

0156 A first water solution was prepared by dissolving 
0.25 mol of manganese sulfate, 0.25 mol of cobalt nitrate, 
0.25 mol of nickel nitrate, 0.25 mol of ferrous sulfate, 1 mol 
of phosphoric acid, and 27.8g of sucrose in 1.6 L of water. A 
second water solution was prepared by dissolving 2.0 mol of 
ammonia and 2 mol of lithium hydroxide in 1.2 L of water. 
0157 Ananion-deficient lithium manganese cobalt nickel 
iron phosphate was prepared by processing the above two 
Solutions in the same way under the same conditions as in 
steps (a), (b), and (c) of Example 1. 
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0158. At step (b), the pH of the mixture in the mixer was 
92. 
0159. The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Lioso (Mino.2s Coo.2sNio.2s Feo.2s)(PO4)o.96. 

Example 21 
Preparation of an Anion-Deficient Compound 

Wherein the Metal M is a Combination of Mn, Co, 
Ni, and Fe 

0160 A first water solution was prepared by dissolving 
0.25 mol of manganese sulfate, 0.25 mol of cobalt nitrate, 
0.25 mol of nickel nitrate, 0.25 mol of ferrous sulfate, 1 mol 
of phosphoric acid, and 27.8g of sucrose in 1.6 L of water. A 
second water solution was prepared by dissolving 2.5 mol of 
ammonia and 2 mol of lithium hydroxide in 1.2 L of water. 
0.161 Ananion-deficient lithium manganese cobalt nickel 
iron phosphate was prepared by processing the above two 
Solutions in the same way under the same conditions as in 
steps (a), (b), and (c) of Example 1. 
0162. At step (b), the pH of the mixture in the mixer was 
9.5. 
0163 The final product was assayed with an inductively 
coupled plasma (ICP) spectrometer, and the compound was 
found to be Lioso (Mino.2sCoos Nio.2s Feo.2s)(PO4)oos. 

Comparative Example 1 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a Combination of Mn and Fe 

0164 0.25 mol of manganese oxalate (MnCO) and 0.75 
mol of ferrous oxalate (FeCO) as metal precursors, 1 mol of 
diammonium phosphate ((NH4)HPO) as a phosphate com 
pound, and 0.55 mol of lithium carbonate (LiCo) as a 
lithium precursor were prepared. 
0.165. The above materials were processed in the order of 
following steps (a), (b) and (c) to prepare a stoichiometric 
lithium manganese iron phosphate according to a conven 
tional Solid-state reaction method. 
0166 Step (a): The above materials were first mixed for 8 
hours by using zirconia ball milling at 350 rpm. 
0.167 Step (b): The first mixture of step (a) was mixed with 
32.4 g of sucrose, which was a carbon precursor. The resultant 
mixture underwent a first heat treatment for 6 hours at 500 in 
an argon environment, and thereby a carbon-coated lithium 
transition-metal phosphate of low crystallinity was obtained. 
0168 Step (c): A second heat treatment was conducted on 
the carbon-coated compound of low crystallinity for 5 hours 
at 675 in an argon environment, and thereby a lithium transi 
tion-metal phosphate of high crystallinity was obtained. 
0169. An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma (ICP) spectrometer and was 
found to be Li(Minos Feo. 7s)PO. 

Comparative Example 2 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a Combination of Mn and Fe 

0170 0.50 mol of manganese oxalate, 0.50 mol of ferrous 
oxalate, 1 mol of diammonium phosphate, and 0.55 mol of 
lithium carbonate were prepared. 
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0171 Astoichiometric lithium manganese iron phosphate 
was prepared by processing the above materials in the same 
way under the same conditions as in steps (a), (b), and (c) of 
Comparative Example 1. 
0172 An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma (ICP) spectrometer and was 
found to be Li(Mnoso Feoso)PO. 

Comparative Example 3 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a Combination of Mn and Fe 

0173 0.75 mol of manganese oxalate, 0.25 mol of ferrous 
oxalate, 1 mol of diammonium phosphate, and 0.55 mol of 
lithium carbonate were prepared. 
0.174 Astoichiometric lithium manganese iron phosphate 
was prepared by processing the above materials in the same 
way under the same conditions as in steps (a), (b), and (c) of 
Comparative Example 1. 
0.175. An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma (ICP) spectrometer and was 
found to be Li(MnozsFeos)PO. 

Comparative Example 4 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is Mn 

0176 1 mol of manganese oxalate, 1 mol of diammonium 
phosphate, and 0.55 mol of lithium carbonate were prepared. 
0177. A stoichiometric lithium manganese phosphate was 
prepared by processing the above materials in the same way 
under the same conditions as in steps (a), (b), and (c) of 
Comparative Example 1. 
0.178 An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma (ICP) spectrometer and was 
found to be LiMnPO. 

Comparative Example 5 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a Combination of Co and Fe 

0179 A first water solution was prepared by dissolving 
0.25 mol of cobalt acetate (Co(CH,Co.),) and 0.75 mol of 
ferrous oxalate as metal precursors, 1 mol of monoammo 
nium phosphate (NHHPO) as a phosphate compound, and 
0.525 mol of lithium carbonate (LiCo) as a lithium precur 
sor in distilled water. A second water Solution was prepared 
by dissolving 1 mol of citric acid as both a gelation agent and 
a carbon precursor in distilled water. 
0180 A stoichiometric lithium cobalt iron phosphate was 
prepared according to a conventional Sol-gel method by pro 
cessing the above two solutions in the order of the following 
steps (a), (b), and (c). 
0181 Step (a): A mixed solution was prepared by slowly 
adding the second water Solution to the first water Solution. 
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0182 Step (b): The resultant mixture of step (a) was heat 
treated at 70° C. until the occurrence of gelation, and, as a 
result, a precursor gel of lithium transition-metal phosphate 
was obtained. 
0183 Step (c): The gel obtained at step (b) underwent a 

first heat treatment for 3 hours at 500 in a nitrogen environ 
ment, and then a second heat treatment for 10 hours at 675, 
and thereby a stoichiometric lithium transition-metal phos 
phate was obtained. 
0.184 An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma (ICP) spectrometer and was 
found to be Li(Coos Feo. 7s)PO. 

Comparative Example 6 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a Combination of Co and Fe 

0185. A first water solution was prepared by dissolving 
0.50 mol of cobalt acetate, 0.50 mol of ferrous oxalate, 1 mol 
of monoammonium phosphate, and 0.525 mol of lithium 
carbonate in distilled water. A second water solution was 
prepared by dissolving 1 mol of citric acid in distilled water. 
0186. A stoichiometric lithium cobalt iron phosphate was 
prepared by processing the above two solutions in the same 
way under the same conditions as in steps (a), (b), and (c) of 
Comparative Example 5. 
0187. An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma spectrometer and was found to be 
Li(CoosoFeoso)PO4. 

Comparative Example 7 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a Combination of Co and Fe 

0188 A first water solution was prepared by dissolving 
0.75 mol of cobalt acetate, 0.25 mol of ferrous oxalate, 1 mol 
of monoammonium phosphate, and 0.525 mol of lithium 
carbonate in distilled water. A second water solution was 
prepared by dissolving 1 mol of citric acid in distilled water. 
0189 A stoichiometric lithium cobalt iron phosphate was 
prepared by processing the above two solutions in the same 
way under the same conditions as in steps (a), (b), and (c) of 
Comparative Example 5. 
0190. An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma spectrometer and was found to be 
Li(Coo7sfeo.2s)PO4. 

Comparative Example 8 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is Co 

0191) A first water solution was prepared by dissolving 1 
mol of cobalt acetate, 1 mol of monoammonium phosphate, 
and 0.525 mol of lithium carbonate in distilled water. A sec 
ond water Solution was prepared by dissolving 1 mol of citric 
acid in distilled water. 
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0.192 A stoichiometric lithium cobalt phosphate was pre 
pared by processing the above two solutions in the same way 
under the same conditions as in steps (a), (b), and (c) of 
Comparative Example 5. 
0193 An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma spectrometer and was found to be 
LiCoPO. 

Comparative Example 9 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a Combination of Ni and Fe 

0.194. A first water solution was prepared by dissolving 
0.25 mol nickel acetate (Ni(CH,Co.),), 0.75 mol of ferrous 
oxalate, 1 mol of monoammonium phosphate, and 0.525 mol 
of lithium carbonate in distilled water. A second water solu 
tion was prepared by dissolving 1 mol of citric acid in distilled 
Water. 

0.195 A stoichiometric lithium nickel iron phosphate was 
prepared by processing the above two solutions in the same 
way under the same conditions as in steps (a), (b), and (c) of 
Comparative Example 5. 
0196. An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma spectrometer and was found to be 
Li(Nio.2s Feo. 7s)PO4. 

Comparative Example 10 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a combination of Ni and Fe 

0.197 A first water solution was prepared by dissolving 
0.50 mol nickel acetate, 0.50 mol of ferrous oxalate, 1 mol of 
monoammonium phosphate, and 0.525 mol of lithium car 
bonate in distilled water. A second water solution was pre 
pared by dissolving 1 mol of citric acid in distilled water. 
0198 Astoichiometric lithium nickel iron phosphate was 
prepared by processing the above two solutions in the same 
way under the same conditions as in steps (a), (b), and (c) of 
Comparative Example 5. 
0199 An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma spectrometer and was found to be 
Li(Nioso Feoso)PO4. 

Comparative Example 11 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a combination of Ni and Fe 

0200. A first water solution was prepared by dissolving 
0.75 mol nickel acetate, 0.25 mol of ferrous oxalate, 1 mol of 
monoammonium phosphate, and 0.525 mol of lithium car 
bonate in distilled water. A second water solution was pre 
pared by dissolving 1 mol of citric acid in distilled water. 
0201 A stoichiometric lithium nickel iron phosphate was 
prepared by processing the above two solutions in the same 
way under the same conditions as in steps (a), (b), and (c) of 
Comparative Example 5. 
0202 An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
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crystal structure. Further, the product was assayed with an 
inductively coupled plasma spectrometer and was found to be 
LiONio. 7s Feos)PO4. 

Comparative Example 12 
Preparation of a Stoichiometric Compound Wherein 

the Metal M is Ni 

0203. A first water solution was prepared by dissolving 1 
mol of nickel acetate, 1 mol of monoammonium phosphate, 
and 0.525 mol of lithium carbonate in distilled water. A sec 
ond water Solution was prepared by dissolving 1 mol of citric 
acid in distilled water. 
0204 A stoichiometric lithium nickel phosphate was pre 
pared by processing the above two solutions in the same way 
under the same conditions as in steps (a), (b), and (c) of 
Comparative Example 5. 
0205 An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
inductively coupled plasma spectrometer and was found to be 
LiNiPO. 

Comparative Example 13 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a Combination of Mn, Co, and Ni 

0206. A first water solution was prepared by dissolving 0.3 
mol of manganese acetate, 0.3 mol of cobalt acetate, 0.3 mol 
of nickel acetate, 0.9 mol of monoammonium phosphate, and 
0.473 mol of lithium carbonate in distilled water. A second 
water solution was prepared by dissolving 0.9 mol of citric 
acid in distilled water. 
0207. A stoichiometric lithium manganese cobalt nickel 
phosphate was prepared according to a conventional sol-gel 
method by processing the above two solutions in the order of 
the following steps (a), (b), and (c). 
0208 Step (a): A mixed solution was prepared by slowly 
adding the second water Solution to the first water Solution. 
0209 Step (b): The resultant mixture of step (a) was heat 
treated at 80° C. until the occurrence of gelation, and, as a 
result, a precursor gel of lithium transition-metal phosphate 
was obtained. 
0210 Step (c): The gel obtained at step (b) underwent a 

first heat treatment for 4 hours at 350 in an argon environment, 
and then a second heat treatment for 10 hours at 600, and 
thereby a stoichiometric lithium transition-metal phosphate 
was obtained. 
0211. An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
ICP spectrometer and was found to be Li(Mino CoolNio. 
33)PO. 

Comparative Example 14 

Preparation of a Stoichiometric Compound Wherein 
the Metal M is a Combination of Mn, Co, Ni and Fe 

0212. A first water solution was prepared by dissolving 
0.25 mol of manganese acetate, 0.25 mol of cobalt acetate, 
0.25 mol of nickel acetate, 0.25 mol of ferrous oxalate, 1 mol 
of monoammonium phosphate, and 1 mol of lithium carbon 
ate in distilled water. A second water solution was prepared by 
dissolving 0.9 mol of citric acid in distilled water. 
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0213. A stoichiometric lithium manganese cobalt nickel 
iron phosphate was prepared according to a conventional 
sol-gel method by processing the above two solutions in the 
order of the following steps (a), (b), and (c). 
0214 Step (a): A mixed solution was prepared by slowly 
adding the second water Solution to the first water Solution. 
0215 Step (b): The resultant mixture of step (a) was heat 
treated at 70° C. until the occurrence of gelation, and, as a 
result, a precursor gel of lithium transition-metal phosphate 
was obtained. 
0216 Step (c): The gel obtained at step (b) underwent a 

first heat treatment for 5 hours at 500 in an argon environment, 
and then a second heat treatment for 10 hours at 650, and 
thereby a stoichiometric lithium transition-metal phosphate 
was obtained. 
0217. An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
ICP spectrometer and was found to be Li (Minos CoosN 
io.2s Feo.2s)PO4. 

Comparative Example 15 
Preparation of an Anion-Deficient Compound 

Wherein the Metal M is a combination of Mn, Co, 
Ni, and Fe 

0218. A first water solution was prepared by dissolving 
0.25 mol of manganese sulfate, 0.25 mol of cobalt nitrate, 
0.25 mol of nickel nitrate, 0.25 mol of ferrous sulfate, 1 mol 
of phosphoric acid, and 27.8g of sucrose in 1.6 L of water. A 
second water Solution was prepared by dissolving 3 mol of 
ammonia and 2 mol of lithium hydroxide in 1.2 L of water. 
0219. An anion-deficient lithium manganese cobalt nickel 
iron phosphate was prepared by processing the above two 
Solutions in the same way under the same conditions as in 
steps (a), (b), and (c) of Example 1. 
0220. An analysis of X-ray diffraction patterns of the syn 
thesized product revealed that the product had an olivine 
crystal structure. Further, the product was assayed with an 
ICP spectrometer and was found to be Lios (MnosCo. 
25Nio 2's Feo.2s)(PO4)o 94. 

Investigation and Evaluation of Characteristics and Perfor 
aCC 

0221) The characteristics and performance of the com 
pounds of the working examples were investigated and evalu 
ated as follows. 

Investigation of Crystal Structure and Impurities 
0222 For the investigation of crystal structures, X-ray 
diffraction patterns were taken of the compounds synthesized 
in Examples 1 to 21. Plots (a) to (u) in FIG. 11 are X-ray 
diffraction patterns of the compounds of Examples 1 to 21, 
respectively. 
0223) The respective plots in FIG. 11 show that the com 
pounds of Examples 1 to 21 have an olivine structure and that 
the compounds contain no impurities having other different 
structures than olivine crystal structure. 

Measurement of Anion Vacancies 

0224. By conducting Rietveld refinement of X-ray diffrac 
tion patterns, the existence of anion vacancies was confirmed 
in the non-stoichiometric lithium transition-metal phosphates 
of the present invention. 
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0225 FIGS. 3, 4, 5, 6, 7, 8,9, and 10 show the results of 
Rietveld refinement performed on X-ray diffraction patterns 
of the compounds synthesized in Examples 1,4,5,8,9, 12, 13 
and 14, respectively. 
0226 Tables 1, 2, 3, 4, 5, 6, 7, and 8 show the positions of 
elements in a unit cell identified by carrying out Rietveld 
refinement and also show the occupancy ratios of Li, Mn, Co. 
Ni, Fe and Pascertained by modeling crystal structures based 
on the result of the Rietveld refinement. 

0227. In Tables 1 to 8, the reason why the x, y, z coordi 
nates of the constituent elements are different from one 
another is that due to anion vacancies, attractive and repulsive 
forces among the constituent elements change according to 
Coulomb's law, and thereby the crystal structures are 
deformed. 

TABLE 1 

The result of Rietveld refinement performed on lithium 
manganese iron phosphate Synthesized in Example 1 

Occupancy 
Element X y Z. Ratio 

Li O.OOOOO OOOOOO O.OOOOO O.8875 
Mn O.97463 O.282OO O.2SOOO O.2518 
Fe O.97463 O.282OO O.2SOOO O.7482 
P O41640 O.O9448 O.2SOOO O.962S 

TABLE 2 

The result of Rietveld refinement performed on lithium 
manganese phosphate synthesized in Example 4 

Occupancy 
Element X y Z. Ratio 

Li O.OOOOO OOOOOO O.OOOOO O.9109 
Mn O.97961 O.28178 O.2SOOO 1.OOOO 
P 0.41547 O.O9124 O.2SOOO O.9703 

TABLE 3 

The result of Rietveld refinement performed on lithium 
cobalt iron phosphate Synthesized in Example 5 

Occupancy 
Element X y Z. Ratio 

Li O.OOOOO OOOOOO O.OOOOO 0.9055 
Co O.97900 O.27800 O.2SOOO 0.2537 
Fe O.97900 O.27800 O.2SOOO 0.7463 
P O.4O7OO O.O88OO O.2SOOO O.9685 

TABLE 4 

The result of Rietveld refinement performed on lithium 
cobalt phosphate Synthesized in Example 8 

Occupancy 
Element X y Z. Ratio 

Li O.SOOOO OSOOOO O.SOOOO O.8962 
Co O.97840 O.27894 O.2SOOO 1.OOOO 
P O4168O O.O9490 O.2SOOO O.96S4 
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TABLE 5 

The result of Rietveld refinement performed on lithium 
on phosphate Synthesized in Example 9 

Occupancy 
Element X y Z. Ratio 

Li O.OOOOO O.OOOOO OOOOOO O.9109 
N O.97362 O.281.99 O.2SOOO O.2616 
Fe O.97362 O.281.99 O.2SOOO O.7384 
P O41380 O.093640 O.2SOOO O.9703 

TABLE 6 

The result of Rietveld refinement performed on lithium 
nickel phosphate synthesized in Example 12 

Occupancy 
Element X y Z. Ratio 

Li O.OOOOO OOOOOO OOOOOO O.9325 
N O.982SO O.27560 O.2SOOO 1.OOOO 
P O.41670 O.O943O O.2SOOO 0.9775 

TABLE 7 

The result of Rietveld refinement performed on lithium 
manganese cobalt nickel phosphate synthesized in Example 13 

Occupancy 
Element X y Z. Ratio 

Li O.OOOOO OOOOOO OOOOOO O8916 
Mn 0.97252 O.281.83 O.2SOOO O.3333 
Co 0.97252 O.281.83 O.2SOOO O.3333 
N 0.97252 O.281.83 O.2SOOO O.3333 
P O41110 O.O9309 O.2SOOO O.9638 

TABLE 8 

The result of Rietveld refinement performed on 
lithium manganese cobalt nickel iron phosphate 

Synthesized in Example 14 

Occupancy 
Element X y Z. Ratio 

Li O.OOOOO OOOOOO OOOOOO O.8962 
Mn O.97470 O.281 61 O.2SOOO 0.2527 
Co O.97470 O.281 61 O.2SOOO O.2456 
N O.97470 O.281 61 O.2SOOO O.2S32 
Fe O.97470 O.281 61 O.2SOOO O.2485 
P O.41970 O.O9474 O.2SOOO O.96S4 

0228. The occupancy ratios of the respective elements 
indicated in Tables 1,2,3,4,5,6,7, and 8 show that the molar 
ratio of the metal M, i.e., the sum of the molar ratios of the 
metal elements excluding Li, is 1 while the molar ratio of 
phosphorus (P) ranges from 0.9625 to 0.9775, which is less 
than 1. Further, the results of ICP analysis in Examples 2, 3, 
6, 7, and 10 to 21 show that the molar ratio of the metal M is 
1 whereas the molar ratio of phosphorus (P) ranges from 0.95 
to 0.99, which is less than 1. These confirm that the lithium 
transition-metal phosphates prepared in the working 
examples of the present invention are anion-deficient com 
pounds. Meanwhile, the results of inductively coupled 
plasma spectroscopy show that the compounds of Compara 
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tive Examples 1 to 14 are stoichiometric compounds, which 
contain M and Pat a molar ratio of 1:1. 

Electrode Resistance and Diffusion Coefficient of Lithium 
Ions 

0229. Due to anion vacancies, the anion-deficient lithium 
transition-metal phosphates of the present invention, repre 
sented by Li-M(PO.), exhibit superior lithium diffusion 
coefficients over the stoichiometric lithium transition-metal 
phosphate LiMPO. As a result, a battery employing a com 
pound of the present invention achieves a lower electrode 
resistance. 
0230. For the comparison of electrode resistance, poten 

tial change and impedance were measured with the GITT 
(Galvanostatic Intermittent Titration Technique) method on 
Lioso (Minos Feo. 7s)(PO4)oo of Example 1 and Li(Mno. 
25 Feo. 7s)PO of Comparative Example 1, Lio (Coos Feo. 7s) 
(PO4), of Example 5 and Li (Coos Feo. 7s)PO of Compara 
tive Example 5, Liolo (NiosFeo. 74)(PO4)oo7 of Example 9 
and Li(Nio Feo. 7s)PO of Comparative Example 9, Lioso 
(Mino Coos Nios)(PO4)oo of Example 13 and Li(Mno. 
33 CoolNio)PO of Comparative Example 13, and Lioso 
(MinosCoos Nios Feos)(PO4)oo, of Example 14 and 
LiCMnos CoosNios Feos)PO of Comparative Example 
14. 
0231. The measured impedances are respectively depicted 
in FIGS. 12, 13, 14, 15, and 16. Here, each of FIGS. 12, 13, 
14, 15, and 16 is a Nyquist plot indicating a measured imped 
ance on a complex plane as a function of frequency, wherein 
Z and Z" are respectively the real component and the imagi 
nary component of the impedance Z which is a complex 
number. 
0232 Electrode resistance can be calculated based on a 
measured impedance. A Nyquist plot indicates what types of 
resistance are involved. From the shapes of the plots in FIGS. 
12 to 16, it is understood that the electrode resistance is 
comprised of solid electrolyte interface resistance (SEI resis 
tance) and charge transport resistance (CT resistance). 
0233. As depicted in FIG. 12, the electrode resistance of 
Lioso (Minos Feo. 7s)(PO4)oo is 2942, which is 2.27 times 
Smaller than that of stoichiometric Li(Mnos Feo. 7s)PO hav 
ing 6692. 
0234. As depicted in FIG. 13, the electrode resistance of 
Liolo (Coos Feo. 7s)(PO4)oo, is 322S2, which is 2.12 times 
Smaller than that of stoichiometric Li(Coos Feo. 7s)PO hav 
ing 68392. 
0235. As depicted in FIG. 14, the electrode resistance of 
Lio (NicsFez) (PO), is 32992, which is 2.17 times 
Smaller than that of Stoichiometric Li(NicsFeo. 7s)PO hav 
ing 71392. 
0236. As depicted in FIG. 15, the electrode resistance of 
Lioso (Mino Coos Nios)(PO4)oo is 313S2, which is 2.29 
times Smaller than that of stoichiometric Li(Mino Coo. Nio. 
33)PO having 71792. 
0237 As depicted in FIG. 16, the electrode resistance of 
Lioloo (Mino.2sCooosnio.2s Feo.2s)(PO4)097 is 315C2, which is 
2.16 times Smaller than that of stoichiometric Li(MnosCo. 
25Nio Feos)PO having 6792. 
0238 From the above comparison of the electrode resis 
tances, it is understood that if a lithium transition-metal phos 
phate runs short of anions, the electrode resistance decreases 
by 2.1 to 2.3 times regardless of the molar ratios of the 
elements constituting the metal M. Such decrease is due to 
anion vacancies, which are generated as a result of anion 
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deficiency and facilitate lithium ion diffusion, thereby reduc 
ing the electrode resistance. The fact that electrode resistance 
has no correlation with the composition of the metal M means 
that anion vacancies affect lithium ion diffusion regardless of 
the composition. 
0239. By using the GITT method at various charge/dis 
charge conditions, lithium ion diffusion coefficients were 
measured on Lioso (Minos Feo. 7s)(PO4)oo of Example 1 and 
LiCMnos Feo. 7s)PO of Comparative Example 1, Lio (Coo. 
25 Feo. 7s)(PO4)oo7 of Example 5 and Li(Coos Feo. 7s)PO of 
Comparative Example 5, Lio (Nio Feola)(PO)oo, of 
Example 9 and Li(Nios Feo. 7s)PO of Comparative Example 
9, Lioso (MnossCooss Niosis)(PO4)oos of Example 13 and 
LiCMno Coos Nio)PO of Comparative Example 13, and 
Lioloo (Mino.2s CoosNio.2s Feo.2s)(PO4)o.97 of Example 14 
and Li(Mnos CoosNios Feos)PO of Comparative 
Example 14. 
0240 FIGS. 17, 18, 19, 20, and 21 are the measurement 
results, and show the dependency of lithium ion diffusion 
coefficient on lithium concentration. In FIGS. 17 to 21, as the 
charging of a battery proceeds, the number of lithium ions in 
an active material decreases and the lithium diffusion coeffi 
cient gradually increases. During discharge, an opposite phe 
nomenon occurs inside the active material, i.e. the number of 
lithium ions gradually increases in the active material and the 
lithium diffusion coefficient decreases. 

0241. As shown in FIG. 17, the lithium diffusion coeffi 
cient of Lioso (Mino.2s Feo. 7s)(PO4)6.96 is 
2.784x10'-7.014x10 cm/s depending on charge/dis 
charge conditions, and that of Li(Minos Feo. 7s)PO is 3.187x 
10'-6.387x10 cm/s. From this, it is understood that 
Lioso (Minos Feo. 7s)(PO)oo is about 4.62-10.98 times bet 
ter than stoichiometric Li(MnFezs)PO in lithium diffu 
sion coefficient. 

0242. As shown in FIG. 18, the lithium diffusion coeffi 
cient of Lios (Coos Feo. 7s)(PO)oo, is 2.832x10'-6.497x 
10 cm/s depending on charge/discharge conditions, and 
that of Li (Coos Fes)PO is 3.122x10'6.257x10 cm/ 
S. From this, it is understood that Liolo (Coos Feo. 7s)(PO4)o. 
97 is about 5.29-10.38 times better than stoichiometric 
LiCCoos Feo. 7s)PO in lithium diffusion coefficient. 
0243. As shown in FIG. 19, the lithium diffusion coeffi 
cient of Liao (Nio Feola)(PO)oo, is 2.491x10'-5.877x 
10 cm/s depending on charge/discharge conditions, and 
that of Li(NicsFeas)PO is 2.989x10'-5.990x10' 
cm/s. From this, it is understood that Lios (Nio 2 Feoza) 
(PO), is about 4.59-9.81 times better than stoichiometric 
LiONic Fes)PO in lithium diffusion coefficient. 
0244. As shown in FIG. 20, the lithium diffusion coeffi 
cient of Lioso (MnossCoosa Niosa)(PO4)o.96 is 
1.008x10-9.63.5x10 cm/s depending on charge/dis 
charge conditions, and that of Li(Mino Coosa Niosa)PO is 
3.675x10'-5.962x10 cm/s. From this, it is understood 
that Lioso (Mino Coos Nios)(PO4)oo is about 12.02-27. 
43 times better than stoichiometric Li(Mno Coos Nio) 
PO in lithium diffusion coefficient. 
0245. As shown in FIG. 21, the lithium diffusion coeffi 
cient of Lioloo (MnosCoos Nio as Feos)(PO4)oo, is 4.140x 
10'-8.415x10 cm/s depending on charge/discharge 
conditions, and that of Li(Minos CoosNios Feos)PO is 
2.998x10'-6.962x10'cm/s. From this, it is understood 
that Liogo (Mino. 25Co0.2s Nio.2s Feo.2s)(PO4)o 97 is about 
8.39-13.81 times better than stoichiometric Li(Mno Co. 
33Nio)PO in lithium diffusion coefficient. 
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0246 The above comparison of lithium diffusion coeffi 
cients confirms that if a lithium transition-metal phosphate 
runs short of anions, lithium diffusion coefficient increases by 
up to about 27 times, and that anion vacancies facilitates 
lithium diffusion. 

0247 Table 9 shows lithium ion diffusion coefficients 
measured with the GITT method on the anion-deficient 
lithium transition-metal phosphates synthesized in Examples 
15, 16, and 17, where all of the measurements were conducted 
at a 40% state of charge (SOC). 

TABLE 9 

Lithium ion diffusion coefficients of the lithium transition-metal 
phosphates Synthesized in Examples 15, 16, and 17 

Lithium Ion Diffusion 
Compound Coefficient (cm/s) 

Example 15 Lloss (Mgoo7Feo.93)(PO4)o.96 2.315 x 109 
Example 16 Liog2(Mgolo Mbogo)(PO4)097 2.697 x 109 
Example 17 Lioss (Aloos Mino. 7s Feo.19)(PO4)ogs 2.214 x 109 

0248 From Table 9, it is understood that even anion-defi 
cient lithium transition-metal phosphates containing non 
transition metals achieve a lithium diffusion coefficient level 
of 10 cm/s. Further, FIGS. 17 to 21 and Table 9 show that 
the vacancies formed due to insufficient anions can affect 
lithium ion diffusion regardless of the composition of the 
metal M. 

0249 FIG. 22 shows the relationship between the molar 
ratio of phosphorus to the metal M (P/M) and lithium diffu 
sion coefficient. Here, lithium diffusion coefficient was mea 
sured with the GITT method on the lithium (manganese 
cobalt nickel iron) phosphates Synthesized in Examples 14, 
18, 19, 20 and 21 and Comparative Examples 14 and 15, at 
40% SOC. As shown in FIG. 22, lithium ion diffusion coef 
ficient can be improved by controlling the molar ratio P/M to 
be less than 1. When 0.95sP/Ms0.99, the lithium diffusion 
coefficient is better than when P/M is 1. A more preferable 
lithium diffusion coefficient is achieved if 0.96sP/Ms.O.98. 
Meanwhile, as the P/M changes from 0.95 to 0.94, the lithium 
diffusion coefficient greatly changes, which is because anions 
generated in an excessive amount lead to partial collapse of 
the crystal structure. Since the collapse of the crystal structure 
deteriorates electrochemical activity, generating an excessive 
amount of anion vacancies is not desirable. 

Charge and Discharge Characteristics 

0250. The characteristics of lithium secondary batteries 
employing anion-deficient lithium transition-metal phos 
phates of the present invention were evaluated as follows: 
0251 An electrode slurry which contained an anion-defi 
cient lithium transition-metal phosphate, a conducting agent, 
and a binder at a weight ratio of 90:5:5 was prepared. In the 
slurry, the conducting agent was a mixture of Super-PR (con 
ductive carbon black produced by TIMCAL Graphite & Car 
bon, Inc., Switzerland) and vapor-grown carbon fiber 
(VGCF), wherein the two compounds were contained at the 
weight ratio of 1:1, and the binder was KF 1100R (polyvi 
nylidene fluoride produced by Kureha Chemical Ind. Co., 
Ltd., Japan). 
0252. The electrode slurry was applied onto a thin alu 
minium sheet at an application speed of 0.3 m/min and was 
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dried at 90° C. in the front room and 120° C. in the rear room 
of an applicator to fabricate a cathode. 
0253) An electrolyte was synthesized by dissolving 1 mol 
of LiPF in a solvent which was a mixture of ethylene car 
bonate (EC) and ethyl methyl carbonate (EMC) at a volume 
ratio of 1:2. 
0254. A lithium secondary battery of a coin cell type was 
fabricated. Charge and discharge were conducted at the con 
stant 0.1 C rate by using a Maccor series 4000 (Maccor Inc., 
Tulsa, Okla., U.S.A.). 
0255 FIGS. 23, 24, and 25 are the charge/discharge 
graphs of lithium secondary batteries adopting the anion 
deficient lithium manganese iron phosphates synthesized in 
Examples 1, 2, and 3 as cathode-active materials. When the 
cutoff potential of discharge was set at 3.0 volt, the anion 
deficient lithium manganese iron phosphates of the present 
invention showed a discharge capacity of 136 to 149 mAh/g, 
which is higher than those of conventional lithium manganese 
iron phosphates. Further, the gap between the charge poten 
tial and the discharge potential was narrow in the compounds 
of the present invention. 
0256 FIG. 26 compares the charge/discharge graphs of 
lithium secondary batteries which adopt the lithium manga 
nese iron phosphates synthesized in Example 2 and Compara 
tive Example 2 as cathode-active materials. The discharge 
capacity of the anion-deficient lithium manganese iron phos 
phate of Example 2 is about 138 mAh/g, which is greater than 
129 mAh/g achieved by the stoichiometric lithium manga 
nese iron phosphate of Comparative Example 2. 

INDUSTRIAL APPLICABILITY 

0257 An anion-deficient lithium transition-metal phos 
phate of the present invention can be used as an electrode 
active material for secondary batteries, memory devices, and 
capacitors including hybrid capacitors (P-EDLC), and other 
electrochemical devices, preferably as a cathode-active mate 
rial for secondary batteries. 
What is claimed is: 
1. An electrode-active anion-deficient lithium transition 

metal phosphate of the following chemical formula 1 
LiM(PO4), (1) 

wherein Osxs0.15,0sys0.05, and M is represented by 
the following chemical formula 2. 

wherein M' is at least one element selected from the group 
consisting of the Group 2 elements of the periodic table, 
M” is at least one element selected from the group con 
sisting of Group 13 elements of the periodic table, Mis 
at least one element selected from the group consisting 
of Sc, Ti,V, Cr, Mn, Co, Ni, Cu, Zn, Y, Zr, Nb, and Mo, 
and wherein Osak1, Osb<0.575, Osts 1,0s(a+b)-1, 
and 0<(a+b+t)s 1. 

2. Ananion-deficient lithium transition-metal phosphate of 
claim 1, wherein 0.01sys0.05. 

3. Ananion-deficient lithium transition-metal phosphate of 
claim 1, wherein 0.02sys0.05. 

4. Ananion-deficient lithium transition-metal phosphate of 
claim 1, wherein 0.03sys0.05. 

5. Ananion-deficient lithium transition-metal phosphate of 
claim 1, wherein M' is at least one element selected from the 
group consisting of Mg and Ca, M is at least one element 
selected from the group consisting of B, Al, and Ga, and M' 
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is at least one element selected from the group consisting of 
Ti,V, Cr, Mn, Co, Ni, Cu, Zn, Zr, Nb, and Mo. 

6. An anion-deficient lithium transition-metal phosphate of 
claim 1, wherein M is Mg, M' is Al, and M is selected from 
the group consisting of Mn, Co, and Ni. 

7. An anion-deficient lithium transition-metal phosphate of 
claim 1, wherein Osas0.30, and 0.sbs0.20. 

8. An anion-deficient lithium transition-metal phosphate of 
claim 1, wherein Osas0.15, and 0.sbs0.10. 

9. An anion-deficient lithium transition-metal phosphate of 
claim 1, characterized by having an olivine crystal structure. 

10. A cathode of a secondary battery, comprising an anion 
deficient lithium transition-metal phosphate of any one of 
claims 1 to 9. 

11. A secondary battery comprising: 
(a) a cathode comprising an anion-deficient lithium transi 

tion-metal phosphate of any one of claims 1 to 9; 
(b) an anode; 
(c) a separator, and 
(d) an electrolyte 
12. A method for preparing an electrode-active anion-de 

ficient lithium transition-metal phosphate of the following 
chemical formula 1: 

LiM(PO4), (1) 
wherein Osxs0.15, 0<ys0.05, and M is represented by 

the following chemical formula 2 
M.M.M,Fello, (2) 

wherein M' is at least one element selected from the group 
consisting of the Group 2 elements of the periodic table, 
M” is at least one element selected from the group con 
sisting of Group 13 elements of the periodic table, Mis 
at least one element selected from the group consisting 
of Sc, Ti,V, Cr, Mn, Co, Ni, Cu, Zn, Y, Zr, Nb, and Mo, 
and wherein Osak1, Osb<0.575, Osts 1,0s(a+b)-1, 
and 0<(a+b+t)s 1, 

said method comprising the following steps: 
(a) mixing a precursor of the metal M, a phosphate 
compound, an alkalinizing agent, and a lithium pre 
cursor to prepare a precursor of a lithium transition 
metal phosphate; 

(b) mixing the precursor of lithium transition-metal 
phosphate of step (a) with water under reaction con 
ditions of a temperature of 200-700, and a pressure of 
180-550 bar to produce an anion-deficient lithium 
transition-metal phosphate, and drying the thus-ob 
tained compound; and 

(c) Subjecting the resultant compound of step (b) either 
to calcination or to granulation and Subsequent calci 
nation. 

13. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, wherein 
0.01 sys0.05. 

14. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, wherein 
0.02sys0.05. 

15. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, wherein 
0.03sys0.05. 

16. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, wherein 
M" is at least one element selected from the group consisting 
of Mg and Ca, M' is at least one element selected from the 
group consisting of B, Al, and Ga, and M is at least one 
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element selected from the group consisting of Ti,V, Cr, Mn, 
Co, Ni, Cu, Zn, Zr, Nb, and Mo. 

17. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, wherein 
M" is Mg, M' is Al, and M is at least one element selected 
from the group consisting of Mn, Co, and Ni. 

18. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, wherein 
Osas0.30, and 0.sbs0.20. 

19. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, wherein 
Osas0.15, and 0.sbs0.10. 

20. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate which is 
characterized by having an olivine crystal structure. 

21. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, wherein 
the pH of the reaction conditions in step (b) is greater than 4.0 
and equal to or less than 12.0. 

22. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, wherein 
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the average size of the primary particles of anion-deficient 
lithium transition-metal phosphate prepared in step (b) is 0.01 
um to 5um. 

23. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, charac 
terized in adding at least one reducing agent selected from the 
group consisting of hydrazine, Sodium phosphate, Sodium 
Sulfite, Sodium nitrite, potassium iodide, Sucrose, fructose, 
oxalic acid, ascorbic acid, hydrogen, carbon, and hydrocar 
bon, before, after, or during at least one of steps (a), (b), and 
(c). 

24. A method of claim 12 for preparing an electrode-active 
anion-deficient lithium transition-metal phosphate, charac 
terized in adding at least one carbon precursor selected from 
the group consisting of graphite, Sucrose, fructose, Oxalic 
acid, ascorbic acid, starch, cellulose, polyvinyl alcohol 
(PVA), and polyethylene glycol (PEG), before, after, or dur 
ing at least one of steps (a), (b), and (c). 

c c c c c 


