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(57) ABSTRACT 

Positive electrode active materials are fonned with various 
metal oxide coatings. Excellent results have been obtained 
with the coatings on lithium rich metal oxide active materials. 
Surprisingly improved results are obtained with metal oxide 
coatings with lower amounts of coating material. High spe
cific capacity results are obtained even at higher discharge 
rates. 
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Fig. 3 
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Fig. 4 

I 2.0% l 
(~228°C) 

e1 Pristine I 
(~237°C) 

1-
0.1% . l 5.0% ~ (~239°C) : 

(~223°C) ~ 
Y 

j,0.5% l 
'" I (~245°C) I 

I 11.-0% 
--~ ~ n46°C) 1 

1---

~\y V i\ I 

210 230 250 270 290 
Temperature (oC) 



Patent Application Publication Mar. 31, 2011 Sheet 5 of 18 US 201110076556 Al 

5 

"+ :.:; ...... 
:.:; 4 
vi 
> 
~ 
III 

3.5 
bO 
.r:l 
"0 3 > 
III 

Fig.5A 
u 2.5 

2 

0 50 100 150 200 250 300 350 

Specific Capacity (mAh/g) 

5 --~-..... 

"+ 
4.5 

:.:; ...... 
:.:; 4 
vi 
> 
~ 
III 

3.5 
bO 
.r:l 
"0 3 > • Charge 

Fig. 58 
III 
u 2.5 

<10 Discharge 

2 

0 50 100 150 200 250 300 350 

Specific Capacity (mAh/g) 



Patent Application Publication Mar. 31, 2011 Sheet 6 of 18 US 2011/0076556 Al 

5 

45 
+" :::; 
....... 
:::; 4 
<II 
> 
? 35 OJ 
b.O 

Fig.6A rn .... 
(5 3 > 
rn 
U 

2.5 

2 

0 50 100 150 200 250 300 

Specific Capacity (mAh/g) 

5 

+" 
45 

::; 
....... :::; 4 
vi 
> 
? 35 

ClJ Fig. 68 b.O 
It> .... 

(5 3 ... Charge > = ClJ • Discharge u 2.5 

2 

0 50 100 150 200 250 300 

Specific Capacity (mAh/g) 



Patent Application Publication Mar. 31, 2011 Sheet 7 of 18 US 2011/0076556 Al 

Fig. 7 
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METAL OXIDE COATED POSITIVE 
ELECTRODE MATERIALS FOR 
LITHIUM-BASED BATTERIES 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority to U.S. provisional 
patent application Ser. No. 611237,344, filedonAug. 27, 2009 
to Venkatachalam et aI., entitled "Cathode Compositions for 
Lithium Ion Batteries" and U.S. provisional patent applica
tion Ser. No. 611253,286, filed on Oct. 20, 2009 to Ven
katachalam et aI., entitled "Metal Oxide Coated Positive 
Electrode Materials for Lithium Ion Batteries," both incorpo
rated herein by reference. 

FIELD OF THE INVENTION 

[0002] The inventions, in general, are related to active 
materials for positive electrodes for a lithium ion battery, in 
which the active material has a coating comprising a metal/ 
metalloid oxide. The inventions are further related to method 
for forming the metal/metalloid oxide coated active material 
and to lithium ion batteries comprising the active material. 

BACKGROUND 

[0003] Lithium batteries are widely used in consumer elec
tronics due to their relatively high energy density. Recharge
able batteries are also referred to as secondary batteries, and 
lithium ion secondary batteries generally have a negative 
electrode material that incorporates lithium when the battery 
is charged. For some current commercial batteries, the nega
tive electrode material can be graphite, and the positive elec
trode material can comprise lithium cobalt oxide (LiCo02). 
In practice, only a modest fraction of the theoretical capacity 
of the positive electrode active material generally can be used. 
At least two other lithium-based positive electrode active 
materials are also currently in commercial use. These two 
materials are LiMn20 4 , having a spinel structure, and 
LiFeP04 , having an olivine structure. These other materials 
have not provided any significant improvements in energy 
density. 
[0004] Lithium ion batteries are generally classified into 
two categories based on their application. The first category 
involves high power battery, whereby lithium ion battery cells 
are designed to deliver high current (Amperes) for such appli
cations as power tools and Hybrid Electric Vehicles (HEV s). 
However, by design, these battery cells are lower in energy 
since a design providing for high current generally reduces 
total energy that can be delivered from the battery. The second 
design category involves high energy batteries, whereby 
lithium ion battery cells are designed to deliver low to mod
erate current (Amperes) for such applications as cellular 
phones, lap-top computers, Electric Vehicles (EV s) and Plug 
in Hybrid Electric Vehicles (PHEVs) with the delivery of 
higher total capacity. 

SUMMARY OF THE INVENTION 

[0005] In a first aspect, the invention pertains to a lithium 
ion battery positive electrode material comprising a lithium 
metal oxide approximately represented by the formula Li 1+ 
xMl_x02_zFz' where M is a non-lithium metal element or a 
combination thereof and 0.01 ~x~0.3, 0~z~0.2, coated 
with from about 0.1 to about 0.75 weight percent of a metal/ 
metalloid oxide. 
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[0006] In another aspect, the invention pertains to lithium 
ion battery positive electrode material comprising a lithium 
metal oxide coated with a metal/metalloid oxide coating com
position wherein the lithium metal oxide can be approxi
mately represented by a formula Lil+bNiaMnflCOyA,,02_zF z' 
where b ranges from about 0.05 to about 0.3, a ranges from 0 
to about 0.4, ~ range from about 0.2 to about 0.65, y ranges 
from 0 to about 0.46, Il ranges from about 0 to about 0.15, z 
ranges form 0 to about 0.2, with the proviso that both a and y 
are not zero and where A is Mg, Sr, Ba, Cd, Zn, AI, Ga, B, Zr, 
Ti, Ca, Ce, Y, Nb, Cr, Fe, V, or combinations thereof. The 
coating composition generally comprises less than 2 weight 
percent of the positive electrode material. Also, the positive 
electrode material can have a specific discharge capacity of at 
least about 260 mAh/g with a discharge rate of C/3 when 
discharged from 4.6V to 2.0 V at room temperature. 
[0007] In a further aspect, the invention pertains to lithium 
ion battery comprising a positive electrode, a negative elec
trode comprising a lithium incorporation composition, a 
separator between the positive electrode and the negative 
electrode, and an electrolyte comprising lithium ions. The 
positive electrode generally comprises an active material, 
distinct electrically conductive powders, and a polymer 
binder. Also, the positive electrode active material comprises 
lithium metal oxide coated with a metal/metalloid oxide coat
ing composition. The lithium metal oxide can be approxi
mately represented by a formula Lil+bNiaMnflCOyA,,02_zF z' 
where b ranges from about 0.05 to about 0.3, a ranges from 0 
to about 0.4, ~ range from about 0.3 to about 0.65, y ranges 
from 0 to about 0.46, Il ranges from about 0 to about 0.15 and 
z ranges from 0 to about 0.2, with the proviso that both a and 
y are not zero and where A is Mg, Sr, Ba, Cd, Zn, AI, Ga, B, 
Zr, Ti, Ca, Ce, Y, Nb, Cr, Fe, V, or combinations thereof, The 
coating composition can comprise less than 2 weight percent 
of the positive electrode material. In some embodiments, the 
positive electrode material has a specific discharge capacity 
of at least about 230 mAh/g with a discharge rate of C/3 at the 
50th charge/discharge cycle when discharged from 4.6V to 
2.0 Vat room temperature. 
[0008] In other aspects, the invention pertains to a method 
for fanning a coated positive electrode active composition for 
a lithium-based battery in which the method comprises heat
ing the active material with an aluminum precursor coating to 
a temperature from about 5000 C. to about 8000 C. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 is a schematic diagram showing phases of 
aluminum oxide that can be accessed at different processing 
temperatures and processing routes. 

[0010] FIG. 2 is a schematic drawing of a battery structure 
separated from a container. 

[0011] FIG. 3 is XRD of pristine lithium metal oxide 
(LMO) and LMO with differentAI20 3 coating thicknesses. 

[0012] FIG. 4 is DSC studies of pristine LMO and lithium 
metal oxide with different AI20 3 coating thicknesses. 

[0013] FIGS. 5A and 5B are graphs of cell voltage as a 
function of specific capacity for the first cycle charge and 
discharge at a rate of CIl 0 for coin cells formed from LMO 
uncoated (A) and coated with 0.5 weight percent aluminum 
oxide (B). 

[0014] FIGS. 6A and 6B are graphs of cell voltage as a 
function of specific capacity for the fifth cycle charge and 
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discharge at a rate of C/3 for coin cells fonned from LMO 
uncoated (A) and coated with 0.5 weight percent aluminum 
oxide (B). 
[0015] FIG. 7 is a set of plots of specific discharge capacity 
versus cycle number of pristine LMO and LMO with different 
Al20 3 coating thicknesses cycled at 0.1 C for the first two 
cycles, 0.2 C for cycle numbers three and four, and 0.33 C for 
cycle numbers 5-54. 
[0016] FIG. 8 is a set of plots of specific discharge capacity 
versus cycle number of pristine LMO and LMO with different 
Al20 3 coating thicknesses cycled at 0.1 C for the first two 
cycles, 0.2 C for cycle numbers three and four, 0.33 C for 
cycle numbers five and six, 1.0 C for cycle numbers 7 to 11, 
2.0 C for cycle numbers 12 to 16, and 5.0 C for cycle numbers 
17 to 21. 
[0017] FIG. 9 is graph with plots of specific discharge 
capacity as a function of cycle number for coin cells formed 
with LMO uncoated or coated with 0.5 weight percent alu
minum oxide that is calcined at 400, 500, 600, 800 or 10000 

c., in which the discharge rates are 0.1 C for the first two 
cycles, 0.2 C for cycle numbers three and four, 0.33 C for 
cycle numbers five and six, 1.0 C for cycle numbers 7 to 11, 
2.0 C for cycle numbers 12 to 16, 5.0 C for cycle numbers 17 
to 21 and 0.2 C for cycles 22-24. 
[0018] FIG. 10 is a plot of first cycle charge and discharge 
specific capacities as a function of calcination temperatures 
for the aluminum oxide coatings on the LMO. 
[0019] FIG. 11 is a plot of first cycle irreversible capacity 
loss as a function of calcination temperatures for aluminum 
oxide coatings on the LMO. 
[0020] FIG. 12 is XRD of pristine LMO and LMO with 
different Bi2 0 3 coating thicknesses. 
[0021] FI G. 13A is first cycle charge and discharge curve of 
pristine LMO at a rate of 0.1 C. 
[0022] FIG.13B is first cycle charge and discharge curve of 
Bi2 0 3 coatedLMO at a rate of 0.1 C. 
[0023] FIG. 13C is the 5th cycle charge/discharge curve of 
pristine LMO at a rate of 0.33 C. 
[0024] FIG. 13D is the 5th cycle charge/discharge curve of 
Bi2 0 3 coated LMO at a rate of 0.33 C. 
[0025] FIG. 14 is a set of plots of specific discharge capac
ity versus cycle number of pristine LMO and LMO with 
different Bi2 0 3 coating thicknesses cycled at 0.1 C for the 
first two cycles, 0.2 C for cycle numbers three and four, 0.33 
C for cycle numbers five and six, 1.0 C for cycle numbers 7 to 
11,2.0 C for cycle numbers 12 to 16, and 5.0 C for cycle 
numbers 17 to 21. 
[0026] FIGS. 15A and 15B are graphs of cell voltage as a 
function of specific capacity for the first cycle charge and 
discharge at a rate ofC/lO for coin cells formed from LMO 
uncoated (A) and coated with 0.5 weight percent magnesium 
oxide (B). 
[0027] FIGS. 16A and 16B are graphs of cell voltage as a 
function of specific capacity for the fifth cycle charge and 
discharge at a rate of C/3 for coin cells fonned from LMO 
uncoated (A) and coated with 0.5 weight percent magnesium 
oxide (B). 
[0028] FIG. 17 is a set of plots of specific capacity versus 
cycle number of pristine LMOs cycled at 0.1 C for the first 
two cycles, 0.2 C for cycle numbers three and four, 0.33 C for 
cycle numbers five and six, 1.0 C for cycle numbers 7 to 11, 
2.0 C for cycle numbers 12 to 16, 5.0 C for cycle numbers 17 
to 21, and 0.2 C for cycle numbers 22 to 24. 
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[0029] FIG. 18 is a set of plots of specific capacity versus 
cycle number ofLMOs coated with 0.5 wt % MgO cycled at 
0.1 C for the first two cycles, 0.2 C for cycle numbers three 
and four, 0.33 C for cycle numbers five and six, 1.0 C for cycle 
numbers 7 to 11, 2.0 C for cycle numbers 12 to 16, 5.0 C for 
cycle numbers 17 to 21, and 0.2 C for cycle numbers 22 to 24. 
[0030] FIG. 19 is a set of plots of differential capacity 
(mAhlV) versus voltage (V) of uncoated LMO and LMO 
coated with 0.5 wt % MgO. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

[0031] It has been found that relatively small amounts of 
metal oxide coatings on a lithium rich metal oxide active 
material can provide desirable improvements in lithium
based battery performance with respect to both specific dis
charge capacity and cycling. In some embodiments, it can be 
desirable to coat an active material of a positive electrode with 
no more than about 2 weight percent metal oxide. The result
ing coated material can exhibit significantly greater specific 
discharge capacity relative to the uncoated material. The 
materials can also exhibit a significant decrease in the rate of 
fade of specific discharge capacity upon cycling of the battery 
at reasonable rates. The discharge properties surprisingly can 
improve with decreased amounts of coating material at least 
down to relatively small amounts of coating material. The 
dependences specific discharge capacities on coating 
amounts can be more significant at greater discharge rates 
since moderate amounts of coatings can result in lower spe
cific capacities than exhibited by uncoated materials while 
appropriate thinner coatings result in an increase in specific 
discharge capacities. The coatings can be synthesized effec
tively using techniques that are readily scalable for commer
cial production. In addition, the coated active materials can be 
synthesized at high tap densities, such that the resulting bat
teries can exhibit high effective capacities for a given battery 
volume. 
[0032] The batteries described herein are lithium-based 
batteries in which a non-aqueous electrolyte solution com
prises lithium ions. For secondary lithium ion batteries during 
charge, oxidation takes place in the cathode (positive elec
trode) where lithium ions are extracted and electrons are 
released. During discharge, reduction takes place in the cath
ode where lithium ions are inserted and electrons are con
sumed. Generally, the batteries are fonned with lithium ions 
in the positive electrode material such that an initial charge of 
the battery transfers a significant fraction of the lithium from 
the positive electrode material to the negative electrode mate
rial to prepare the battery for discharge. Unless indicated 
otherwise, perfonnance values referenced herein are at room 
temperature. 
[0033] The word "element" is used herein in its conven
tional way as referring to a member of the periodic table in 
which the element has the appropriate oxidation state if the 
element is in a composition and in which the element is in its 
elemental fonn, MO, only when stated to be in an elemental 
form. Therefore, a metal element generally is only in a metal
lic state in its elemental fonn or a corresponding alloy of the 
metal's elemental form. In other words, a metal oxide or other 
metal composition, other than metal alloys, generally is not 
metallic. Additionally, the tenn "pristine" is used herein to 
refer to uncoated state of the active material relative to coated 
state. 
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[0034] Lithium ion batteries described herein have 
achieved improved cycling performance associated with the 
metal oxide coatings while exhibiting high specific capacity 
and high overall capacity. Suitable synthesis techniques for 
the lithium rich metal oxides include, for example, co-pre
cipitation approaches or sol-gel synthesis. The combination 
of improved cycling performance, high specific capacity, and 
high overall capacity suggests that the resulting lithium ion 
batteries can serve as an improved power source, particularly 
for high energy applications, such as electric vehicles, plug in 
hybrid vehicles and the like. 

[0035] In some embodiments, the lithium ion batteries can 
use a positive electrode active material that is lithium rich 
relative to a reference homogenous electroactive lithium 
metal oxide composition. The excess lithium can be refer
enced relative to a composition LiM02, where M is one or 
more metals with an average oxidation state of +3. The addi
tionallithium in the initial cathode material provides corre
sponding additional lithium that can be transferred to the 
negative electrode during charging to increase the battery 
capacity for a given weight of cathode active material. In 
some embodiments, the additional lithium is accessed at 
higher voltages such that the initial charge takes place at a 
higher voltage to access the additional capacity represented 
by the additional lithium of the positive electrode. It has been 
observed that the lithium rich active materials can undergo 
significant irreversible changes during the first charge of the 
battery, but these lithium rich compositions can still exhibit 
surprisingly large specific discharge capacity on cycling. 

[0036] It is believed that appropriately formed lithium-rich 
lithium metal oxides have a composite crystal structure in 
which the excess lithium supports the formation of an alter
native crystalline phase. For example, in some embodiments 
of lithium rich materials, a Li2Mn03 material may be struc
turally integrated with either a layered LiM02 component or 
similar composite compositions with the manganese cations 
substituted with other transition metal cations with appropri
ate oxidation states. In some embodiments, the positive elec
trode material can be represented in two component notation 
as x Li2M'03.(1-x)LiM02 where M is one or more metal 
cations with an average valance of +3 with at least one cation 
being a Mn ion or a Ni ion and where M' is one or more metal 
cations with an average valance of +4. These compositions 
are described further, for example, in U.S. Pat. No. 6,680,143 
to Thackeray et aI., entitled "Lithium Metal Oxide Electrodes 
for Lithium Cells and Batteries," incorporated herein by ref
erence. 

[0037] Positive electrode active materials of particular 
interest have a formula Lil+bNi,,,MnflCOyA,,02_zFz, where b 
ranges from about 0.05 to about 0.3, a ranges from 0 to about 
0.4, ~ range from about 0.2 to about 0.65, y ranges from 0 to 
about 0.46, Il ranges from about 0 to about 0.15, and z ranges 
from 0 to about 0.2 with the proviso that both a and y are not 
zero, and where A is Mg, Sr, Ba, Cd, Zn, AI, Ga, B, Zr, Ti, Ca, 
Ce, Y, Nb, Cr, Fe, V or combinations thereof. Furthermore, 
surprisingly large capacities have been obtained for Li[Lio. 
2Nio.17sCoo.lOMno.s2s]02, as presented in copending u.S. 
patent application Ser. No. 12/332,735 to Lopez et al. (the 
'735 application) entitled "Positive Electrode Material for 
High Specific Discharge Capacity Lithium Ion Batteries", 
incorporated herein by reference. The materials in the '735 
application were synthesized using a carbonate co-precipita
tion process. Also, very high specific capacities were 
obtained for this composition using hydroxide co-precipita-
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tion and sol gel synthesis approaches as described in U.S. 
application Ser. No. 12/246,814 to Venkatachalam et al. (the 
'814 application) entitled "Positive Electrode Material for 
Lithium Ion Batteries Having a High Specific Discharge 
Capacity and Processes for the Synthesis of these Materials", 
incorporated herein by reference. These compositions have a 
low risk of fire for improved safety properties due to their 
specific compositions with a layered structure and reduced 
amounts of nickel relative to some other high capacity cath
ode materials. These compositions use low amounts of ele
ments that are less desirable from an environmental perspec
tive, and can be produced from starting materials that have 
reasonable cost for commercial scale production. 

[0038] Carbonate and hydroxide co-precipitation pro
cesses has been performed for the desired lithium rich metal 
oxide materials described herein having nickel, cobalt and 
manganese cations in the composition and exhibiting the high 
specific capacity performance. In addition to the high specific 
capacity, the materials can exhibit a large tap density which 
leads to high overall capacity of the material in fixed volume 
applications. Specifically, the specific lithium rich composi
tion of the previous paragraph formed by a co-precipitation 
process is used in coated forms to generate the results in the 
Examples below. 

[0039] When the corresponding batteries with the interca
lation-based positive electrode active materials are in use, the 
intercalation and release of lithium ions from the lattice 
induces changes in the crystalline lattice of the electroactive 
material. As long as these changes are essentially reversible, 
the capacity of the material does not change significantly with 
cycling. However, the capacity of the active materials is 
observed to decrease with cycling to varying degrees. Thus, 
after a number of cycles, the performance of the battery falls 
below acceptable values, and the battery is replaced. Also, on 
the first cycle of the battery, generally there is an irreversible 
capacity loss that is significantly greater than per cycle capac
ity loss at subsequent cycles. The irreversible capacity loss is 
the difference between the charge capacity of the new battery 
and the first discharge capacity. The irreversible capacity loss 
results in a corresponding decrease in the capacity, energy 
and power for the cell. The irreversible capacity lose gener
ally can be attributed to changes during the initial charge
discharge cycle of the battery materials that are substantially 
maintained during subsequent cycling of the battery. Some of 
these irreversible capacity losses can be attributed to the 
positive electrode active materials, and the coated materials 
described herein result in a decrease in the irreversible capac
ity loss of the batteries. 

[0040] Uncoated cathode materials can have exceptionally 
high capacity, e.g. >250 mAh/g during the initial cycles. 
However, significant capacity fade is seen occurring over 
extended periods of cycling especially at higher currents or 
discharge rates. A potential contribution to the capacity fade 
is a higher charge cut-off voltage, which might trigger the 
possible non-lithium metal ion dissolution especially Mn 
from the positive electrode. The Mn dissolution may occurs 
through a disproportionate reaction ofMn3+:2Mn3+ --;. Mn2+ + 
Mn4+, where the Mn2+ is believed to migrate to the electrolyte 
and to the anode, i.e., negative electrode resulting in a capac
ity fade. The disproportionation reaction ofMn+3 may occur 
spontaneously with greater frequency at higher temperatures 
and at higher chargel discharge rates. In high capacity cathode 
(i.e., positive electrode), the as-synthesized material has 
mainly Mn4+ which is not prone to ion dissolution while the 

David Gibbs
Highlight

David Gibbs
Highlight



US 201110076556 Al 

continued cycling leads to fonnation ofMn3
+ which is prone 

to dissolution leading to fade in capacity. By incorporating a 
metal oxide, e.g., mixed metal oxide, nano-coating on the 
surface of the high capacity cathode particles, the cycle life of 
the high capacity cathode based lithium ion cell battery can be 
improved. The metal oxide coating may also decrease other 
irreversible changes to the lithium metal oxide active mate
rials that can also contribute to capacity fade with cycling. 

[0041] Appropriate coating materials can both improve the 
long tenn cycling perfonnance of the material as well as 
decrease the first cycle irreversible capacity loss. While not 
wanting to be limited by theory, the coatings may stabilize the 
crystal lattice of the positive electrode active material during 
the uptake and release of lithium ions so that irreversible 
changes in the crystal lattice are reduced significantly. For 
example, metal fluoride compositions can also be used as 
effective coatings. The general use of metal fluoride compo
sitions as coatings for cathode active materials, specifically 
LiCo02 and LiMn20 4 , is described in published PCT appli
cation WO 2006/109930A to Sun et aI., entitled "Cathode 
Active Material Coated with Fluorine Compound for Lithium 
Secondary Batteries and Method for Preparing the Same," 
incorporated herein by reference. It has been discovered that 
thin metal fluoride coatings provide particularly improved 
performance with performance for many battery parameters 
of interest peaking at a relatively thin coating thickness ofless 
than 10 nanometers. Improved thin metal fluoride coatings 
are described further in copending U.S. patent application 
Ser. No. 12/616,226 to Lopez et aI., entitled "Coated Positive 
Electrode Materials for Lithium Ion Batteries," incorporated 
herein by reference. 

[0042] It has been found that metal oxide coatings provide 
a peak perfonnance improvement at low amounts of coating 
material. An appropriately selected metal oxide coating can 
provide improvements in specific capacity even at relatively 
high rates. In general, the specific capacity of the active mate
rial in a positive electrode increases significantly with a coat
ing that is applied at a relatively low amount. In general, the 
performance of the material in the positive electrode with 
respect to specific capacity is better ifthere is less than about 
1 weight percent metal oxide coating. The coatings have also 
been found useful for improving the cycling perfonnance and 
reducing fade with cycling. 

[0043] In general, the metal oxide coatings can be formed 
by first precipitating a hydroxide as a solid or as a sol gel from 
a solution containing a powder of the active material. The 
amount of precipitated material can be selected to fonn the 
desired amount of coating material. Similarly, a metal car
bonate can be precipitated to form a precursor coating. The 
resulting material can be dried and calcined at an appropriate 
temperature generally above about 3000 C. to convert the 
precursor coating of metal hydroxide or metal carbonate into 
the metal oxide. 

[0044] In additional embodiments, it has been found that an 
alternative method for fonning the metal oxide coating 
involves decomposition of a metal nitrate. Appropriate metal 
nitrates decompose at high temperature to form the corre
sponding metal oxide. The active lithium metal oxide powder 
can be mixed with a metal nitrate solution in appropriate 
amounts to fonn the desired coating material. Since metal 
nitrates are generally soluble in aqueous solution, the metal 
nitrate solution can then be dried to fonn a powder with a 
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dried precursor coating on the active particles. The dried 
powder can then be heated to decompose the metal nitrate to 
form the metal oxide coating. 
[0045] It is useful to note that during charge/dischargemea
surements, the specific capacity of a material depends on the 
rate of discharge. The greatest specific capacity of a particular 
material is measured at very slow discharge rates. In actual 
use, the actual specific capacity is less than the maximum 
value due to discharge at a faster rate. More realistic specific 
capacities can be measured using reasonable rates of dis
charge that are more similar to the rates encountered during 
actual use. For example, in low to moderate rate applications, 
a reasonable testing rate involves a discharge of the battery 
over three hours. In conventional notation this is written as 
C/3 or 0.33 C. Faster or slower discharge rates can be used as 
desired, and the rates can be described with the same notation. 
[0046] The materials described herein can also exhibit a 
large tap density, such as values of at least about 1.65 gramsl 
milliliter (g/ml). In general, when specific capacities are com
parable, a larger tap density of positive electrode material 
results in a higher overall capacity of a battery, especially in 
view of the large specific capacities of the positive electrode 
materials described herein. The large tap density of the active 
material also can result in a battery with a greater specific 
energy and specific power. Generally, a battery with a greater 
capacity can provide for longer discharge times for a specific 
application. Thus, these batteries can exhibit a meaningfully 
improved perfonnance. 
[0047] Rechargeable batteries have a range of uses, such as 
mobile communication devices, such as phones, mobile 
entertainment devices, such as MP3 players and televisions, 
portable computers, combinations of these devices that are 
finding wide use, as well as transportation devices, such as 
automobiles and fork lifts. Most of the batteries used in these 
electronic devices have a fixed volume. It is therefore highly 
desirable that the positive electrode material used in these 
batteries has a high tap density so there is essentially more 
chargeable material in the positive electrode yielding a higher 
total capacity of the battery. The batteries described herein 
that incorporate improved positive electrode active materials 
with respect to specific capacity, tap density, and cycling can 
provide improved perfonnance for consumers, especially for 
medium current applications. 
[0048] The batteries described herein are suitable for 
vehicle applications. In particular, these batteries can be used 
in battery packs for hybrid vehicles, plug-in hybrid vehicles 
and purely electric vehicles. These vehicles generally have a 
battery pack that is selected to balance weight, volume and 
capacity. While larger battery packs can provide a greater 
range on electric operation, larger packs take up more room 
that is then not available for other purposes and have greater 
weight that can decrease performance. Thus, due to the high 
capacity of the batteries described herein, a battery pack that 
yields a desired amount of total power can be made in a 
reasonable volume, and these battery packs can correspond
ingly achieve the excellent cycling performance described 
herein. 

Positive Electrode Active Material 

[0049] The positive electrode active materials comprise 
lithium intercalating metal oxide compositions. In some 
embodiments, the lithium ion batteries can comprise a posi
tive electrode active material that is lithium rich relative to a 
reference homogenous electro active lithium metal oxide 
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composition. Generally, LiM02 can be considered the refer
ence composition, and the lithium rich compositions can be 
referred to with an approximate formula Lil+xMl_y02, where 
M represents one or more non-lithium metals and y is related 
to x based on the average valance of the metals. In some 
embodiments, the lithium rich compositions generally are 
believed to form a layered composite crystal structure, and for 
these embodiments x is approximately equal to y. The addi
tionallithium in the initial cathode material provides to some 
degree corresponding additional lithium that can be trans
ferred to the negative electrode during charging that can 
increase the battery capacity for a given weight of cathode 
active material. In some embodiments, the additional lithium 
is accessed at higher voltages such that the initial charge takes 
place at a higher voltage to access the additional capacity. 

[0050] Positive electrode active materials of particular 
interest represented approximately by a formula Li l+bNiaM
nflCOyA,,02_zFz, where b ranges from about 0.05 to about 0.3, 
a ranges from 0 to about 004, ~ range from about 0.2 to about 
0.65, y ranges from 0 to about 0046, 0 ranges from 0 to about 
0.15 and z ranges from 0 to about 0.2 with the proviso that 
both a and yare not zero, and where A is Mg, Sr, Ba, Cd, Zn, 
AI, Ga, B, Zr, Ti, Ca, Ce, Y, Nb, Cr, Fe, V or combinations 
thereof. In some embodiments, a ranges from about 0.1 to 
about 0.3, ~ range from about 0.3 to about 0.65, y ranges from 
about 0.05 to about 004. Ifb+a+~+y+o is approximately equal 
to 1, the positive electrode material with the formula above 
can be represented approximately in two component notation 
as x Li2M'03.(l-x)LiM02 where O<x<l, M is one or more 
metal cations with an average valance of +3 with at least one 
cation being a Mn ion or a Ni ion and where M' is one or more 
metal cations with an average valance of +4. It is believed that 
appropriately formed lithium-rich lithium metal oxides can 
have a composite crystal structure in which the excess lithium 
supports the formation of an alternative crystalline phase. For 
example, in some embodiments of lithium rich materials, a 
Li2Mn03 material may be structurally integrated with either 
a layered LiM02 component where M represents selected 
non-lithium metal elements or combinations thereof. These 
compositions are described generally, for example, in u.s. 
Pat. No. 6,680,143 to Thackeray et aI., entitled "Lithium 
Metal Oxide Electrodes for Lithium Cells and Batteries," 
incorporated herein by reference. To simplifY the following 
discussion in this section, the optional fluorine dopant is not 
discussed further. 

[0051] The structure of some specific layered structures is 
described further in Thackery et aI., "Comments on the struc
tural complexity of lithium-rich Lil+xMl_x02 electrodes 
(M=Mn, Ni, Co) for lithium batteries," Electrochemistry 
Communications 8 (2006), 1531-1538, incorporated herein 
by reference. The study reported in this article reviewed com
positions with the formulas Lil+x[Mno.sNio.s]1_x02 and Li1+ 
x[Mllo.333Nio.333COo.333]1_x02. The article also describes the 
structural complexity of the layered materials. 

[0052] With respect to lithium rich metal oxides, surpris
ingly large capacities have been obtained for Li[Lio.2Nio. 
17SCOO.lOMnO.S2S]02' as presented in copending u.s. patent 
application Ser. No. 12/332,735 to Lopez et al. (the '735 
application) entitled "Positive Electrode Material for High 
Specific Discharge Capacity Lithium Ion Batteries", incor
porated herein by reference. The materials in the '735 appli
cation were synthesized using a carbonate co-precipitation 
process. Also, very high specific capacities were obtained for 
this composition using hydroxide co-precipitation and sol gel 
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synthesis approaches as described in u.s. application Ser. 
No. 12/246,814 to Venkatachalamet al. (the '814 application) 
entitled "Positive Electrode Material for Lithium Ion Batter
ies Having a High Specific Discharge Capacity and Processes 
for the Synthesis of these Materials", incorporated herein by 
reference. These manganese rich compositions have a low 
risk of fire for improved safety properties due to their specific 
compositions with a layered structure and reduced amounts 
of nickel relative to some other high capacity cathode mate
rials. These compositions use lower amounts of elements that 
are less desirable from an environmental perspective, and can 
be produced from starting materials that have reasonable cost 
for commercial scale production. 
[0053] Recently, it has been found that the performance 
properties of the positive electrode active materials can be 
engineered around the specific design of the composition 
stoichiometry. The positive electrode active materials of par
ticular interest can be represented approximately in two com
ponent notation as x Li2Mn03.(l-x) LiM02, where M is two 
or more metal elements with an average valance of +3 and 
with one of the metal elements being Mn and with another 
metal element being Ni and/or Co. In general, O<x<l, but in 
some embodiments 0.03~x~0.55, in further embodiments 
0.075~x~0.50, in additional embodiments 0.I~x~OA5, 
and in other embodiments 0 .15 ~ x~O A 25. A person of ordi
nary skill in the art will recognize that additional ranges 
within the explicit ranges of parameter x above are contem
plated and are within the present disclosure. For example, M 
can be a combination of nickel, cobalt and manganese, which, 
for example, can be in oxidation states Ni+2, Co+3, and Mn+4 
within the initial lithium manganese oxides. The overall for
mula for these compositions can be written as Li2(1+x)/(2+x) 
Mn2x/(2+x)M(2_2x)/(2+x)02. In the overall formula, the total 
amount of manganese has contributions from both constitu
ents listed in the two component notation. Thus, in some 
sense the compositions are manganese rich. 
[0054] In general, M can be written as NiuMnvCO~y. For 
embodiments in which y=O, this simplifies to NiuMnvCOw. If 
M includes Ni, Co, Mn, and optionally A the composition can 
be written alternatively in two component notation and single 
component notation as the following. 

(1) 

(2) 

with u+v+w+y",,1 and b+a+~+y+o",,1. The reconciliation of 
these two formulas leads to the following relationships: 

[0055] b=x/(2+x), 
[0056] a=2u(l-x)/(2+x), 
[0057] ~=2x/(2+x)+2v(l-x)/(2+x), 

[0058] y=2w(l-x)/(2+x), 
[0059] o=2y(l-x)/(2+x), 

[0060] and similarly, 
[0061] x=2b/(l-b), 
[0062] u=a/(l-3b), 
[0063] v=(~-2b )/(l-3b), 
[0064] w=y/(l-3b), 
[0065] y=o/(l-3b). 

[0066] In some embodiments, it may be desirable to have 
u""v, such that Li NiuMnvCO~y02 becomes approximately 
Li NiuMnuCowAy02. In this composition, when y=O, the 
average valance ofNi, Co and Mn is +3, and ifu""v, then these 
elements can be believed to have valances of approximately 
Ni+2, Co+3 and Mn+4. When the lithium is hypothetically 
fully extracted, all of the elements go to a +4 valance. A 
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balance of Ni and Mn can provide for Mn to remain in a +4 
valance as the material is cycled in the battery. This balance 
avoids the formation ofMn+3

, which has been associated with 
dissolution of Mn into the electrolyte and a corresponding 
loss of capacity. 
[0067] In further embodiments, the composition can be 
varied around the formula above such that Li Niu+,j.Mnu_ 
,j.CO~y02' where the absolute value of ll. generally is no 
more than about 0.3 (i.e., -0.3~ll.~0.3), in some embodi
ments no more than about 0.2, in other embodiments no more 
than 0.175 and in further embodiments no more than about 
0.15. Desirable ranges for x are given above. With 2u+w+ 
y"" 1, desirable ranges of parameters are in some embodiments 
O~w~l, 0~u~0.5, O~y~O.1 (with the proviso that both 
u+ll. and ware not zero), in further embodiments, 0.1 ~w~O. 
6, 0.1 ~u~0.45, 0~y~0.075, and in additional embodiments 
0.2~w~0.475, 0.2~u~0.4, 0~y~0.05. A person of ordi
nary skill in the art will recognize that additional ranges of 
composition parameters within the explicit ranges above are 
contemplated and are within the present disclosure. As used 
herein, the notation (value 1 ~variable~value2) implicitly 
assumes that value 1 and value 2 are approximate quantities. 
The engineering of the composition to obtain desired battery 
performance properties is described further in copending 
u.s. patent application filed on the same day as the present 
application Ser. No. 12/869,976 to Lopez et aI., entitled 
"Layer-Layer Lithium Rich Complex Metal Oxides With 
High Specific Capacity and Excellent Cycling," incorporated 
herein by reference. 

Synthesis of Positive Electrode Action Compositions 

[0068] Synthesis approaches described herein can be used 
to form the positive electrode active compositions, for 
example, layered-layered lithium rich positive electrode 
active materials with high values of specific capacity and a 
relatively high tap density. The synthesis methods have been 
adapted for the synthesis of compositions with the formula 
Li 1 +bNiaMnflCOyA" 0 2_zF z and the desired parameter ranges, 
as described above. The synthesis approaches are also suit
able for commercial scale up. Specifically, co-precipitation 
process can be used to synthesize the desired lithium rich 
positive electrode materials with desirable results. 
[0069] In the co-precipitation process, metal salts are dis
solved into an aqueous solvent, such as purified water, with a 
desired molar ratio. Suitable metal salts include, for example, 
metal acetates, metal sulfates, metal nitrates, and combina
tion thereof. The concentration of the solution is generally 
selected between 1 M and 3 M. The relative molar quantities 
of metal salts can be selected based on the desired formula for 
the product materials. Similarly, the optional dopant elements 
can be introduced along with the other metal salts at the 
appropriate molar quantity such that the dopant is incorpo
rated into the precipitated material. The pH of the solution can 
then be adjusted, such as with the addition ofNa2C03 and/or 
ammonium hydroxide, to precipitate a metal hydroxide or 
carbonate with the desired amounts of metal elements. Gen
erally, the pH can be adjusted to a value between about 6.0 to 
about 12.0. The solution can be heated and stirred to facilitate 
the precipitation of the hydroxide or carbonate. The precipi
tated metal hydroxide or carbonate can then be separated 
from the solution, washed and dried to form a powder prior to 
further processing. For example, drying can be performed in 
an oven at about 110° C. for about 4 to about 12 hours. A 
person of ordinary skill in the art will recognize that addi-
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tional ranges of process parameters within the explicit ranges 
above are contemplated and are within the present disclosure. 
[0070] The collected metal hydroxide or carbonate powder 
can then be subjected to a heat treatment to convert the 
hydroxide or carbonate composition to the corresponding 
oxide composition with the elimination of water or carbon 
dioxide. A fluoride, such as MgF 2' can be added to introduce 
a fluoride dopant. Generally, the heat treatment can be per
formed in an oven, furnace or the like. The heat treatment can 
be performed in an inert atmosphere or an atmosphere with 
oxygen present. In some embodiments, the material can be 
heated to a temperature of at least about 350° C. and in some 
embodiments from about 400° C. to about 800° C. to convert 
the hydroxide or carbonate to an oxide. The heat treatment 
generally can be performed for at least about 15 minutes, in 
further embodiments from about 30 minutes to 24 hours or 
longer, and in additional embodiments from about 45 minutes 
to about 15 hours. A further heat treatment can be performed 
to improve the crystallinity of the product material. This 
calcination step for forming the crystalline product generally 
is performed at temperatures of at least about 650° c., and in 
some embodiments from about 700° C. to about 1200° c., and 
in further embodiments from about 700° C. to about 1100° C. 
The calcination step to improve the structural properties of 
the powder generally can be performed for at least about 15 
minutes, in further embodiments from about 20 minutes to 
about 30 hours or longer, and in other embodiments from 
about 1 hour to about 36 hours. The heating steps can be 
combined, if desired, with appropriate ramping of the tem
perature to yield desired materials. A person of ordinary skill 
in the art will recognize that additional ranges of temperatures 
and times within the explicit ranges above are contemplated 
and are within the present disclosure. 
[0071] The lithium element can be incorporated into the 
material at one or more selected steps in the process. For 
example, a lithium salt can be incorporated into the solution 
prior to or upon performing the precipitation step through the 
addition of a hydrated lithium salt. In this approach, the 
lithium species is incorporated into the hydroxide or carbon
ate material in the same way as the other metals. Also, due to 
the properties oflithium, the lithium element can be incorpo
rated into the material in a solid state reaction without 
adversely affecting the resulting properties of the product 
composition. Thus, for example, an appropriate amount of 
lithium source generally as a powder, such as LiOH.H20, 
LiOH, Li2C03 , or a combination thereof, can be mixed with 
the precipitated metal carbonate or metal hydroxide. The 
powder mixture is then advanced through the heating step(s) 
to form the oxide and then the crystalline final product mate
rial. 
[0072] Further details of the hydroxide co-precipitation 
process are described in the '814 application referenced 
above. Further details of the carbonate co-precipitation pro
cess are described in the '735 application referenced above. 

Metal/Metalloid Oxide Coatings 

[0073] Inert metal oxide coatings can provide surprisingly 
improved performance when applied in relatively low quan
tities to lithium metal oxide positive electrode active materi
als, especially lithium rich active compositions. Performance 
of lithium ion batteries can be significantly based on the 
invariance of structure and composition during the lithium 
topotactic process. A wider voltage window of operation of a 
lithium ion battery is believed to be linked to more side 
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reactions, some of which may lead to irreversible changes in 
the material. Of the various techniques employed to reduce 
side reactions, surface modification via a nano-coating is 
believed to be very effective because of the improved elec
trode-electrolyte interface. The electrode-electrolyte inter
face is one of the most challenging areas of solid state elec
trochemistry as the whole charge-transfer is determined by 
the "property or nature" of this subtle interface. The coating 
can be placed over the particles of the active composition with 
the objective of providing more facile diffusion for Li, pre
venting the co-intercalation of anions (mostly PF6

-), and 
preventing any irreversible dissolution of cathode active 
metal ions into electrolyte. Thus, it is believed that the coating 
can enhance the performance of the lithium ion batteries 
through the improvements of electrode-electrolyte interface. 
As described herein, inert metal oxide coatings can be effec
tive to stabilize and improve the performance oflithium rich 
lithium metal oxide active compositions. 

[0074] The loss of cathode active metal ions is suspected 
for the shortening of the cycle life and shelflife of the battery 
depending on the chemical structure of the positive electrode. 
For example, uncoated LiMn20 4 based spinel cathode mate
rials are prone for Mn dissolution even during storage 
because of the presence of 50% Mn in 3+ which is suspected 
to be the main ion causing dissolution of manganese. Layered 
cathode materials such as LiCo02 can show dissolution of Co 
ions depending upon the charge voltage. In the case of 
LiNi02, there are various hexagonal to orthorhombic phase 
transitions at different Li intercalation and de-intercalation 
which leading to large capacity fade. Suppressing the phase 
transitions, e.g., with an inert metal oxide coating, can result 
in a lithium ion battery with longer life. 

[0075] In embodiments with lithium rich cathode material, 
the above factors are possible to degrade the cell perfor
mance. The voltage windows for charge and discharge can be 
wider than conventional Li battery cathodes. The high capac
ity cathode on repeated cycling can accumulate Mn3

+ ions 
over the cycles which might dissolute leading to a capacity 
fade. As shown herein, inert metal oxide coatings can be 
effective to improve the performance of positive electrode 
active materials, especially lithium rich active compositions. 
As discussed above, metal fluoride coatings have also been 
found to improve the performance of positive electrode active 
materials. 

[0076] As shown herein, proper adjustment of the metal 
oxide coatings on the positive electrode active materials can 
result in excellent specific capacity with correspondingly sur
prising maintenance of the high capacity upon cycling at a 
reasonably high charge/discharge rates. The coating thick
ness has been found to be a significant parameter that con
tributes to both the structural integrity as well as the electro
chemical performance of the cathode material. As indicated 
in the example section below, thicker coatings can lead to less 
stable active material and consequently less stable batteries. 
In some embodiments, the coated lithium metal oxide com
positions comprise no more than about 2.0 weight percent, in 
further embodiments from about 0.025 to about 1.75 weight 
percent, and in additional embodiments from about 0.05 to 
about 1.5 weight percent of the metal oxide coating compo
sition. A person of ordinary skill in the art will recognize that 
additional ranges within the explicit ranges of coating com
position above are contemplated and are within the present 
disclosure. In general, the selected amount of coating mate-
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rial may depend on the properties of the active composition, 
such as the particle size and particle surface area. 
[0077] The metal oxide coatings generally comprise com
positions that are believed to be essentially inert relative to the 
electrochemical reactions within the cell. Suitable metal 
oxides include, for example, aluminum oxide (AI20 3), bis
muth oxide (Bi20 3), boron oxide (B20 3), zirconium oxide 
(Zr02), magnesium oxide (MgO), chromium oxide (Cr20 3), 
magnesium aluminate (MgAI204)' gallium oxide (Ga20 3), 
silicon oxide (Si02), tin oxide (Sn02), calcium oxide (Ca02), 
strontium oxide (srO), barium oxide (BaO), titanium oxide 
(Ti02), iron oxide (Fe20 3), molybdenum oxide (Mo03 and 
Mo02), cerium oxide (Ce02), lanthanum oxide (La20 3), zinc 
oxide (ZnO), lithium aluminum oxide (LiAl02) or combina
tions thereof. Aluminum oxide can be desirable due to a low 
cost and a relative environmentally benign nature. 
[0078] Appropriate coating materials can both improve the 
long term cycling performance of the material as well as 
decrease the irreversible capacity loss (IRCL). While not 
wanting to be limited by theory, the coatings may stabilize the 
crystal lattice of the positive electrode active material during 
the uptake and release of lithium ions so that irreversible 
changes in the crystal lattice are reduced significantly. Alu
minum oxide coatings have been described on layered lithium 
rich positive electrode particles at an amount of 3 weight 
percent. See, Wu et aI., "High Capacity, Surface-Modified 
Layered Li[Li(1_x)/3Mnc2_x)/3NixI3COxI3]02 Cathodes with 
Low Irreversible Capacity Loss," Electrochemical and Solid 
State Letters, 2006, 9(5), A221-A224, incorporated herein by 
reference. Improved results have been obtained as described 
herein using significantly lower amounts of metal oxide coat
ings. Furthermore, improved cycling is observed with 
reduced amounts of coating materials with discharging at 
reasonable rates for actual use. 
[0079] Al20 3 exists in many phase forms, U, X, 11,0, K, 8, y, 
p, which arise during the heat treatment of Al(OH)3 or AlO 
(OH)-[ Aluminumoxy-hydroxide]. Each phase ofAl20 3 has 
a unique crystal structure and properties. FIG. 1 shows the 
commonly accepted phases of Al20 3 that are accessed during 
different firing treatments. The phase of Al20 3 formed thus 
can be fine tuned using different firing conditions such as 
temperature and time. Presumably, the application of the 
aluminum oxide as a coating can alter the results in this figure, 
but it is assumed that the figure can provide some guidance on 
the available phases and their temperature dependence. When 
applied as a coating in relatively small amounts, it is difficult 
to directly measure the aluminum oxide coating crystal struc
ture. Results presented in the Examples suggest that moderate 
temperature phases accessed between 5000 C. and 8000 C. 
provide more desirable battery performance at initial cycles 
when the corresponding positive electrode active materials 
are used in a lithium-based battery. The different Al20 3 
phases formed at different temperatures may also provide 
improved stability against interactions or side reactions of the 
lithium metal oxide material with the electrolyte that can 
result in dissolution of the transition metals or other unfavor
able side interactions. 
[0080] Combinations of the multiple heat treatments and 
coating processes can also be used, where an initial Al20 3 
coating or other metal oxide coatings can be formed at lower 
temperature to encapsulate the cathode material. This initial 
coating layer can protect the cathode from evaporation of 
some of the components (Li, transition metals, or dopants) 
during the higher temperature treatment that can be used to 
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improve the crystallinity of the active core or of the metal 
oxide coating. Similarly to a two step firing process, a two 
step coating process with two firings could be used to form the 
desired phase of Al2 0 3 or other metal oxide and still protect 
against cathode material evaporation during the high tem
perature treatment. First, an Al2 0 3 surface coating would be 
synthesized and thermal treated at a low temperature fol
lowed by a second surface coating (could be the same Al2 0 3 

or a different material) which can then be fired at a higher 
temperature. By controlling the phase, e.g., with the calcina
tion temperature, of the A12 0 3 , the final cathode material has 
improved cycling performance, capacity, thermal stability 
and rate performance. 
[0081] Generally, the cathode material can be coated a 
range of metal oxides, such as primary metal oxides or mixed 
metal oxides, for enhanced electrochemical, thermal and 
structural properties. The inert metal oxide coating can 
enhance the structural integrity of various metal ions in the 
cathode active material resulting in lithium batteries with a 
relatively long cycle life. The surface coating with a metal 
oxide or mixed metal oxide on the lithium-rich LMO can 
enhance the electrode-electrolyte interface by preventing 
many unwarranted side reactions, which can result in metal 
ion dissolution and resulting in loss of structural integrity 
leading to greater capacity fade. 
[0082] The first cycle irreversible capacity loss for the 
coated electro active materials can be decreased at least about 
15%, and in further embodiments from about 20% to about 
35% relative to the equivalent performance of the uncoated 
materials. Also, the metal oxide coated materials can have a 
relatively high tap density. Under controlled conditions of tap 
rate, drop height and container size, the tap density obtained 
can be highly reproducible. The tap density of a positive 
electrode active material described herein can be measured by 
using graduated measuring cylinders on a commercially 
available tap machine with pre-determined tapping param
eters. The specific method for measurement of the tap density 
for the measurements described herein is provided explicitly 
in the Examples. In some embodiments, the tap density of the 
material can be at least about 1.65 g/mL and in further 
embodiments from about 1.75 to about 2.75 g/mL. High tap 
density translates into high overall capacity of a battery given 
a fixed volume. A person of ordinary skill in the art will 
recognize that additional ranges of tap density and of 
decreases in irreversible capacity loss are contemplated and 
are within the present disclosure. 

Methods for Forming the Coatings 

[0083] The stabilizing metal oxide coating can be formed 
onto a selected particulate positive electrode active material 
using commercially suitable methods. In general, the meth
ods involve first associating a coating of a decomposable 
metal compound with the powder of the active material. Then, 
the dry powder is heated to decompose the coating to form a 
metal oxide coating. In some embodiments, the metal oxide 
coatings can be synthesized using a combination of solution 
phase deposition approaches combined with a heat treatment 
to form the oxide. In alternative or additional embodiments, 
the precursor coating can be applied through a direct drying 
step. 
[0084] A solution phase deposition step can involve the 
deposition of a metal oxide precursor coating. In particular, 
the precursor can be a sol gel (form of a metal hydroxide), a 
metal hydroxide, a metal nitrate or a metal carbonate. In 
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general, the hydroxide or carbonate precursors can be pre
cipitated to form the precursor coating. In some embodi
ments, a soluble nitrate or acetate salt of the metal ion can be 
mixed with the particles of the lithium metal oxide followed 
by precipitation of the metal ion with ammonium hydroxide. 
To facilitate the precipitation, the reaction mixture can then be 
stirred at elevated temperature e.g. from about 45 to about 90° 
c., in some embodiments, from about 50 to about 80° C. and 
in further embodiments, from about 55 to about 75° C. The 
heating of the precipitation reaction mixture can be per
formed for a time from about 1 to about 20 hrs, in further 
embodiments from about 1.5 to about 10 hrs, and in additional 
embodiments from about 2 to about 8 hrs. Subsequently, the 
mixture is filtered, and the solid obtained can be subjected to 
appropriate washing. A person of ordinary skill in the art will 
recognize that additional ranges of heating temperatures and 
times are contemplated and are within the present disclosure. 

[0085] A metal nitrate precursor coating generally caunot 
be applied through a precipitation process since the metal 
nitrate compounds are generally soluble. To faun the nitrate 
based precursor coating, a powder of the active composition 
is mixed with the metal nitrate solution, and the solution is 
evaporated to dryness. The solution can be heated to an appro
priate temperature to remove the water at a reasonable rate. 
This approach is described below in the context of the forma
tion of a bismuth oxide coating, although the approach can be 
generalized since many metal nitrates suitably decompose, 
with some metal nitrates, such as bismuth nitrate, decompos
ing at or prior to melting. Alternatively, the solution of soluble 
nitrate or acetate salt of the metal ion is mixed with the 
particles of the lithium metal oxide and the mixture is heated 
directly with stirring at elevated temperature e.g. from about 
80 to about 120° c., in some embodiments, from about 85 to 
about 115° c., and in further embodiments, from about 90 to 
about 110° C. The heating can be performed for an appropri
ate amount of time until reaching dryness, such as at least 
about an hour, in further embodiments from about 1.5 hours 
to about 8 hours and in additional embodiments for about 2 
hours to 6 hours. A person of ordinary skill in the art will 
recognize that additional ranges of temperature and time 
within the explicit ranges above are contemplated and are 
within the present disclosure. 

[0086] The precursor coated powders, e.g., formed by pre
cipitation or evaporation, are calcined to decompose the pre
cursor coatings into the metal oxide coatings. For the hydrox
ide precursor coatings generally, the powder can be calcined 
from about 300 to about 800° c., in some embodiments, from 
about 350 to about 700° c., and in further embodiments, from 
about 400 to about 600° C. to form metal oxide coated lithium 
metal oxide powder. The calcining of the powders initially 
with a metal hydroxide coating can be performed from about 
1 hour to about 20 hours, in further embodiments from about 
1.5 to about 15 hours and in other embodiments from about 2 
hours to about 10 hours. The dry powder with the metal nitrate 
precursor coating can be collected and calcined at a tempera
ture from about 250 to about 550° c., in some embodiment 
from about 300 to about 500° c., and in further embodiments 
from about 350 to about 450° c., for example, in dry air. The 
calcination of the powders initially a metal nitrate precursor 
coating can be performed for a time of at least about 30 
minutes, in further embodiments from about 1 hour to about 
12 hrs, and in additional embodiments from about 2 to about 
6 hrs. A person of ordinary skill in the art will recognize that 
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additional ranges of temperatures and times within the 
explicit ranges above are contemplated and are within the 
present disclosure. 
[0087] As noted above, aluminum oxides can have different 
crystal structures. Results are presented in the Examples 
below for the aluminum oxide coatings formed from alumi
num hydroxide precursor coatings formed at different calci
nation temperatures for the oxide coatings. For the formation 
of aluminum oxide coatings it is generally desirable to heat 
the aluminum hydroxide precursor coating to temperatures 
from about 5000 C. to about 8000 C. Additional ranges of 
aluminum oxide calcination temperatures within the explicit 
range above are contemplated and are within the present 
disclosure. Due to the low coating amounts, it is difficult to 
observe the aluminum oxide crystal structure, but the results 
with different calcination temperatures suggests that high 
temperature phases (perhaps theta-alumina or alpha-alu
mina) are not desirable with respect to resulting in good 
battery performance, and moderate temperature phases (per
haps gamma-alumina) can contribute to desirable battery per
formance. 

Lithium Ion Batteries 

[0088] The lithium ion batteries generally comprise a posi
tive electrode, a negative electrode, a separator between the 
negative electrode and the positive electrode and an electro
lyte comprising lithium ions. The electrodes are generally 
associated with metal current collectors, such as metal foils. 
Lithium ion batteries refer to batteries in which the negative 
electrode active material is a material that takes up lithium 
during charging and releases lithium during discharging. 
Referring to FIG. 2, a battery 100 is shown schematically 
having a negative electrode 102, a positive electrode 104 and 
a separator 106 between negative electrode 102 and positive 
electrode 104. A battery can comprise multiple positive elec
trodes and multiple negative electrodes, such as in a stack, 
with appropriately placed separators. Electrolyte in contact 
with the electrodes provides ionic conductivity through the 
separator between electrodes of opposite polarity. A battery 
generally comprises current collectors 108, 110 associated 
respectively with negative electrode 102 and positive elec
trode 104. 
[0089] Lithium has been used in both primary and second
ary batteries. An attractive feature oflithium metal is its light 
weight and the fact that it is the most electropositive metal, 
and aspects of these features can be advantageously captured 
in lithium ion batteries also. Certain forms of metals, metal 
oxides, and carbon materials are known to incorporate 
lithium ions into the structure through intercalation, alloying 
or similar mechanisms. Desirable mixed metal oxides are 
described further herein to function as electro active materials 
for positive electrodes in secondary lithium ion batteries. 
Lithium ion batteries refer to batteries in which the negative 
electrode active material is a material that takes up lithium 
during charging and releases lithium during discharging. If 
lithium metal itself is used as the anode, the resulting battery 
generally is simply referred to as a lithium battery. 
[0090] The nature of the negative electrode intercalation 
material influences the resulting voltage of the battery since 
the voltage is the difference between the half cell potentials at 
the cathode and anode. Suitable negative electrode lithium 
intercalation compositions can include, for example, graph
ite, synthetic graphite, coke, fullerenes, niobium pentoxide, 
tin alloys, silicon, titanium oxide, tin oxide, and lithium tita-
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nium oxide, such as LixTi02, 0.5<x~1 or Lil+xTi2_x04' 
O~x~l;3. Additional negative electrode materials are 
described in published U.S. patent applications 201 01 
0119942 to Kumar, entitled "Composite Compositions, 
Negative Electrodes with Composite Compositions and Cor
responding Batteries," and 2009/0305131 to Kumar et a!., 
entitled "High Energy Lithium Ion Batteries with Particular 
Negative Electrode Compositions," both of which are incor
porated herein by reference. 
[0091] The positive electrode active compositions and 
negative electrode active compositions generally are powder 
compositions that are held together in the corresponding elec
trode with a polymer binder. The binder provides ionic con
ductivity to the active particles when in contact with the 
electrolyte. Suitable polymer binders include, for example, 
polyvinylidine fluoride, polyethylene oxide, polyethylene, 
polypropylene, polytetrafluoroethylene, polyacrylates, rub
bers, e.g. ethylene-propylene-diene monomer (EPDM) rub
ber or styrene butadiene rubber (SBR), copolymers thereof, 
or mixtures thereof. The particle loading in the binder can be 
large, such as greater than about 80 weight percent. To form 
the electrode, the powders can be blended with the polymer in 
a suitable liquid, such as a solvent for the polymer. The 
resulting paste can be pressed into the electrode structure. In 
some embodiments, the batteries can be constructed based on 
the method described in published U.S. patent application 
200910263707 to Buckley et aI, entitled "High Energy 
Lithium Ion Secondary Batteries", incorporated herein by 
reference. 
[0092] The positive electrode composition, and possibly 
the negative electrode composition, generally also comprises 
an electrically conductive powder distinct from the electro
active composition. Suitable supplemental electrically con
ductive powders include, for example, graphite, carbon black, 
metal powders, such as silver powders, metal fibers, such as 
stainless steel fibers, and the like, and combinations thereof. 
Generally, a positive electrode can comprise from about 1 
weight percent to about 25 weight percent, and in further 
embodiments from about 2 weight percent to about 15 weight 
percent distinct electrically conductive powder. A person of 
ordinary skill in the art will recognize that additional ranges 
of amounts of electrically conductive powders within the 
explicit ranges above are contemplated and are within the 
present disclosure. 
[0093] The electrode generally is associated with an elec
trically conductive current collector to facilitate the flow of 
electrons between the electrode and an exterior circuit. The 
current collector can comprise metal, such as a metal foil or a 
metal grid. In some embodiments, the current collector can be 
formed from nickel, aluminum, stainless steel, copper or the 
like. The electrode material can be cast as a thin film onto the 
current collector. The electrode material with the current col
lector can then be dried, for example in an oven, to remove 
solvent from the electrode. In some embodiments, the dried 
electrode material in contact with the current collector foil or 
other structure can be subjected to a pressure, such as, from 
about 2 to about 10 kglcm2 (kilograms per square centimeter). 
[0094] The separator is located between the positive elec
trode and the negative electrode. The separator is electrically 
insulating while providing for at least selected ion conduction 
between the two electrodes. A variety of materials can be used 
as separators. Commercial separator materials are generally 
formed from polymers, such as polyethylene and/or polypro
pylene that are porous sheets that provide for ionic conduc-
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tion. Connnercial polymer separators include, for example, 
the Celgard® line of separator material from Hoechst 
Celanese, Charlotte, N.C. Also, ceramic-polymer composite 
materials have been developed for separator applications. 
These composite separators can be stable at higher tempera
tures, and the composite materials can significantly reduce 
the fire risk. The polymer-ceramic composites for separator 
materials are described further in u.s. patent application 
2005/0031942A to Hennige et a!., entitled "Electric Separa
tor, Method for Producing the Same and the Use Thereof," 
incorporated herein by reference. Polymer-ceramic compos
ites for lithium ion battery separators are sold under the trade
mark Separion® by Evonik Industries, Germany. 

[0095] We refer to solutions comprising solvated ions as 
electrolytes, and ionic compositions that dissolve to form 
solvated ions in appropriate liquids are referred to as electro
lyte salts. Electrolytes for lithium ion batteries can comprise 
one or more selected lithium salts. Appropriate lithium salts 
generally have inert anions. Suitable lithium salts include, for 
example, lithium hexafluorophosphate, lithium hexafluoro
arsenate, lithium bis(trifluoromethyl sulfonyl imide), lithium 
trifluoromethane sulfonate, lithium tris(trifluoromethyl sul
fonyl)methide, lithium tetrafluoroborate, lithium perchlorate, 
lithium tetrachloroaluminate, lithium chloride, lithium dif
luoro oxalato borate, and combinations thereof. Traditionally, 
the electrolyte comprises aIM concentration of the lithium 
salts, although greater or lesser concentrations can be used. 
[0096] For lithium ion batteries of interest, a non-aqueous 
liquid is generally used to dissolve the lithium salt(s). The 
solvent generally does not dissolve the electro active materi
als. Appropriate solvents include, for example, propylene 
carbonate, dimethyl carbonate, diethyl carbonate, 2-methyl 
tetrahydrofuran, dioxolane, tetrahydrofuran, methyl ethyl 
carbonate, y-butyrolactone, dimethyl sulfoxide, acetonitrile, 
formamide, dimethyl formamide, triglyme (tri(ethylene gly
col) dimethyl ether), diglyme (diethylene glycol dimethyl 
ether), DIVE (glyme or 1,2-dimethyloxyethane or ethylene 
glycol dimethyl ether), nitromethane and mixtures thereof. 
Particularly useful solvents for high voltage lithium-ion bat
teries are described further in copending U.S. patent applica
tion Ser. No. 12/630,992 filed on Dec. 4, 2009 to Amiruddin 
et a!., entitled "Lithium Ion Battery With High Voltage Elec
trolytes and Additives," incorporated herein by reference. 
[0097] The electrodes described herein can be incorporated 
into various connnercial battery designs. For example, the 
cathode compositions can be used for prismatic shaped bat
teries, wound cylindrical batteries, coin batteries or other 
reasonable battery shapes. The batteries can comprise a single 
cathode structure or a plurality of cathode structures 
assembled in parallel and/or series electrical connection(s). 
While the positive electrode active materials can be used in 
batteries for primary, or single charge use, the resulting bat
teries generally have desirable cycling properties for second
ary battery use over multiple cycling of the batteries. 
[0098] In some embodiments, the positive electrode and 
negative electrode can be stacked with the separator between 
them, and the resulting stacked structure can be placed into a 
cylindrical or prismatic configuration to form the battery 
structure. Appropriate electrically conductive tabs can be 
welded or the like to the current collectors, and the resulting 
jellyroll or stack structure can be placed into a metal canister 
or polymer package, with the negative tab and positive tab 
welded to appropriate external contacts. Electrolyte is added 
to the canister, and the canister is sealed to complete the 
battery. Some presently used rechargeable connnercial bat
teries include, for example, the cylindrical 18650 batteries 
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(18 nnn in diameter and 65 nnn long) and 26700 batteries (26 
nnn in diameter and 70 nnn long), although other battery sizes 
can be used. 

Battery Performance 

[0099] The results for battery performance using the metal 
oxide coated positive electrode active powders confirm a 
conclusion that surprisingly small amounts of coating mate
rial provide the best battery performance based on specific 
capacity at moderate rates. In some embodiments, the lithium 
ion batteries described herein can exhibit a specific discharge 
capacity of at least about 260 mAh/g and in some embodi
ments at least about 270 mAh/g at a discharge rate of C/3 
when discharged from 4.6V to 2.0y' Also, the specific dis
charge capacity at the 50th cycle can be at least 230 mAh/g 
and in further embodiments at least about 245 mAh/g, when 
discharged from 4.6V to 2.0V at a rate of C/3 at room tem
perature. A person of ordinary skill in the art will recognize 
that additional ranges of specific capacity and cycling capac
ity within the specific ranges above are contemplated and are 
within the present disclosure. 

EXAMPLES 

Example 1 

Synthesis of the Lithium Metal Oxide Active Mate-
rial 

[0100] This example demonstrates the formation of a 
desired positive electrode active material using a carbonate or 
hydroxide co-precipitation process. Stoichiometric amounts 
of metal precursors were dissolved in distilled water to form 
an aqueous solution with the metal salts in the desired molar 
ratios. Separately, an aqueous solution containing Na2 C03 

and/or NH40H was prepared. For the formation of the 
samples, one or both solutions were gradually added to a 
reaction vessel to form metal carbonate or hydroxide precipi
tates. The reaction mixture was stirred, and the temperature of 
the reaction mixture was kept between room temperature and 
80° C. The pH of the reaction mixture was in the range from 
6-12. In general, the aqueous transition metal solution had a 
concentration from 1 M to 3 M, and the aqueous Na2C03 / 

NH4 0H solution had a Na2C03 concentration of 1 M to 4 M 
and/or a NH4 0H concentration ofO.2-2M. The metal carbon
ate or hydroxide precipitate was filtered, washed multiple 
times with distilled water, and dried at 110° C. for about 16 
hrs to form a metal carbonate or hydroxide powder. Specific 
ranges of reaction conditions for the preparation of the 
samples are further outlined in Table 1, where the solution 
may not include both Na2C03 and NH4 0H. 

Reaction Process Condition 

Reaction pH 
Reaction time 
Reactor type 
Reactor agitation speed 
Reaction temperature 
Concentration of the metal salts 

TABLE 1 

Concentration ofNa2C03 (precipitating agent) 
Concentration ofNH40H (chelating agent) 
Flow rate of the metal salts 
Flow rate ofNa2C03 & NH40H 

Values 

6.0-12.0 
0.1-24 hr 

Batch 
200-1400 rpm 

RT-80 C C. 
I-3M 
1-4M 

0.2-2M 
1-100 mLimin 
1-100 mLimin 

[0101] An appropriate amount ofLi2 C03 powder was com
bined with the dried metal carbonate or hydroxide powder 
and thoroughly mixed with a Jar Mill, double planetary mixer, 
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or dry powder rotary mixer to form a homogenous powder 
mixture. A portion, e. g. 5 grains, of the homogenized powders 
was calcined in a step to form the oxide, followed by an 
additional mixing step to further homogenize the powder. The 
further homogenized powder was again calcined to form the 
highly crystalline lithium composite oxide. Specific ranges of 
calcination conditions are further outlined in Table 2 (scfh=a 
standard cubic foot per hour). 

TABLE 2 

Calcination Process Condition Values 

I"Step temperature 400-800° C. 
time 1-24 hr 
protective gas Nitrogen or Air 
Flow rate of protective gas 0-50 scfh 

2nd Step temperature 700-1100° C. 
time 1-36 hr 
protective gas Nitrogen or Air 
Flow rate of protective gas 0-50 scfh 

[0102] The lithium metal oxide (LMO) positive electrode 
composite material particles thus formed generally have a 
substantially spherical shape and are relatively homogenous 
in size. The product composition was assumed to correspond 
to the portions of the metal reactants used to form the com
position with the oxygen adjusting to yield the overall tar
geted oxidation state. As discussed in the above sections, the 
overall formula for these LMO compositions can be written 
as x Li2Mn03 .(1-x) Li NiuCowMnp2 (1) or Li1+bNiaCoyM
n fl0 2 (2). Samples 1-8 were synthesized using the procedure 
outlined herein and the corresponding u, v, w, and u, y, ~ 
values are listed in Table 3 below, including two sets of 
compositions. For the first set of compositions, variations of 
compositions of samples 2-8 were synthesized having u=v. 
For the second set of compositions, sample 1 was synthesized 
with u does not equal to v. 

TABLE 3 

xin Mn % Transition 
Composition xLi2Mn03 . (1 - x)LiM02 Metal 

0.5 65.63 
2 0.5 68.75 

0.5 67.25 
4 0.5 65.62 

0.5 64.12 
0.3 54.02 

7 0.3 49.66 
0.1 43.75 

[0103] Compositions from both sets were coated with 
metal/metalloid oxide as a stabilization composition as 
described in Examples 2, 4, and 6 below. The coated and 
uncoated compositions were then used to form coin cell bat
teries following the procedure outlined in Example 3. The 
coin cell batteries were tested, and the results are described 
below in Examples 3,5, and 7. 

Example 2 

Coating with Al20 3 

[0104] This example describes the formation of an alumi
num oxide coating on the lithium rich positive electrode 
active materials from Example 1 with the formula of sample 
1 from Table 3. The aluminum oxide surface coating was 
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formed using an aluminum hydroxide precipitation reaction 
followed by calcination. Generally, for a coating a selected 
amount of aluminum nitrate was first dissolved in the appro
priate amount of water to form a solution of aluminum nitrate. 
To this solution of aluminum nitrate, the lithium metal oxide 
(LMO) particles from Example 1 were dispersed under con
stant stirring to form a well-dispersed mixture. To the well
dispersed mixture, an appropriate amount of ammonium 
hydroxide was added drop-wise resulting in the precipitation 
of aluminum hydroxide to coat the LMO particles. After the 
addition of ammonium hydroxide, the mixture was heated 
roughly at 60° C. for a period of time ranging from 2 to 10 h. 
Subsequently, the mixture was filtered, and the solid obtained 
was subjected to copious washing to form a material with 
precipitated aluminum hydroxide on the active LMO mate
rial. 
[0105] Then, the material with the precipitate aluminum 
hydroxide was calcined at for 4-12 hours to form aluminum 
oxide coated LMO powder. A portion of the samples with 0.5 
weight percent aluminum oxide were calcined at selected 
temperatures over a reasonable range to explore the effects of 
temperature on subsequent battery performance with the alu
minum oxide coated materials. Another portion of the 
samples were coated with selected amounts of aluminum 
oxide coating that was calcined at temperatures from 500-
800° C. to evaluate the battery performance as a function of 
the amount of aluminum oxide coating. The materials coated 
with aluminum oxide were examined using x-ray diffraction. 
The x -ray diffractograms are shown in FI G. 3 for the uncoated 
material along with 5 samples with different amounts of 
aluminum oxide coating material. As shown by the x-ray 
diffractograms of FIG. 3, the aluminum oxide coatings did 
not significantly alter the crystal structure of the core lithium 
metal oxide material. 
[0106] The stability of the cathode active materials was 
studied using differential scanning calorimetry (DSC). The 
DSC results are shown in FIG. 4 for uncoated lithium metal 
oxide particles and particles with 5 different amounts of coat
ing material. Peaks in the heat flow as a function of tempera
ture indicate a phase transition or similar change of the mate
rial. As seen in FIG. 4, particles with thinner Al20 3 coating 
exhibited a greater heat stability relative to the uncoated pow
der, while particles with thicker coatings of 2 weigh percent 
and 5 weight percent exhibited a deceased thermal stability 
relative to the uncoated powders. Therefore, it is expected that 
batteries formed with the materials having a thinner oxide 
coating should exhibit greater temperature stability at higher 
temperatures if the LMO materials with a thin oxide coating 
are used in the positive electrodes. 
[0107] Tap density measurements are also presented in 
Table 4. An AUTOTApTM machine from Quantachrome 
Instruments was used to measure tap density of the samples. 
In a typical measurement process, a 4-10 gram quantity of 
sample powder was weighed out and placed in a graduated 
cylinder (10 mL). The cylinder was then mounted on a wheel 
of the AUTOTApTM that taps at a tap rate of260 min-1 with a 
drop height of 3 mm. After 2000 taps the volume of the 
powder was determined by using the measurement markings 
on the graduated cylinder. The initial weight of the sample 
divided by the measured volume after tapping gives the tap 
density in g/mL unit of the sample. 

Example 3 

Battery Performance with Aluminum Oxide Coated 
Materials with Selected Amounts of Coating 

[0108] This example describes the performance of the alu
minum oxide coated materials in coin cell batteries in which 
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results are obtained with different amounts of coating mate
rial to evaluate battery performance as a function of the 
amount of aluminum oxide coating material. 
[0109] To test the performance of the materials, the lithium 
metal oxide (LMO) powders with or without an aluminum 
oxide coating from Example 2 with selected amounts of coat
ing material were mixed thoroughly with acetylene black 
(Super pTM from Timcal, Ltd, Switzerland) and graphite (KS 
6™ from Timcal, Ltd) to form a homogeneous powder mix
ture. Separately, Polyvinylidene fluoride PVDF (KF1300™ 
from Kureha Corp., Japan) was mixed with N-methyl-pyr
rolidone NMP (Sigma-Aldrich) and stirred overnight to form 
a PVDF-NMP solution. The homogeneous powder mixture 
was then added to the PVDF-NMP solution and mixed for 
about 2 hours to form a homogeneous slurry. The slurry was 
applied onto an aluminum foil current collector to form a thin 
wet film. 
[0110] A positive electrode material was formed by drying 
the aluminum foil current collector with the thin wet film in 
vacuum oven at 1100 C. for about two hours to remove NMP. 
The positive electrode material was pressed between rollers 
of a sheet mill to obtain a positive electrode with desired 
thickness. The mixture comprised at least about 75 weight 
percent active metal oxide, at least about 3 weight percent 
acetylene black, at least about 1 weight percent graphite, and 
at least about 2 weight percent polymer binder. 
[0111] The positive electrode was placed inside an argon 
filled glove box for the fabrication of the coin cell batteries. 
Lithium foil (FMC Lithium) having thickness of roughly 125 
microns was used as a negative electrode. The electrolyte was 
selected to be stable at high voltages, and appropriate elec
trolytes are described in copending U.S. patent application 
Ser. No. 12/630,992 toAmiruddinet aI., entitled "Lithium Ion 
Battery With High Voltage Electrolytes and Additives," incor
porated herein by reference. A trilayer (polypropylene/poly
ethylene/polypropylene) micro-porous separator (2320 from 
Celgard, LLC, NC, USA) soaked with electrolyte was placed 
between the positive electrode and the negative electrode. A 
few additional drops of electrolyte were added between the 
electrodes. The electrodes were then sealed inside a 2032 coin 
cell hardware (Hohsen Corp., Japan) using a crimping pro
cess to form a coin cell battery. The resulting coin cell batter
ies were tested with a Maccor cycle tester to obtain charge
discharge curve and cycling stability over a number of cycles. 
[0112] A first set of batteries were cycled between4.6Vand 
2.0V using a rate of CIl 0 for cycles 1 and 2, C/5 for cycles 3 
and 4, and C/3 for cycles 5-55. A summary of the average 
voltage, the 1 st cycle charge specific capacity, the 1 st cycle 
discharge specific capacity and irreversible capacity loss 
(IRCL) are presented in Table 4. 

TABLE 4 

Tap Average Charge Discharge 
Density Voltage ClIO ClIO IRCL 

Sample (giee) (V) (mAh/g) (rnAh/g) (mAh/g) 

Pristine 1.832 3.625 320.08 255.78 64.29 
0.1 wt%A12 0 3 1.740 3.616 330.69 270.98 59.71 
0.2 wt % Al2 0 3 1.680 3.590 329.04 276.36 52.69 
0.3 wt % Al2 0 3 1.606 3.588 325.80 275.65 50.15 
0.4 wt % Al2 0 3 1.702 3.544 313.30 265.69 47.61 
0.5 wt % Al2 0 3 1.690 3.587 315.99 269.65 46.34 
1.0 wt % Al2 0 3 1.680 3.511 308.73 265.92 42.80 
2.0 wt % Al2 0 3 1.520 3.510 291.88 249.94 41.94 
5.0 wt % Al2 0 3 1.420 3.422 274.17 232.18 41.99 

Plots of the first cycle (C/IO rate) voltage as a function of 
charge specific capacity and discharge specific capacity are 
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shown in FI GS. SA and 5B for batteries formed with uncoated 
LMO and for batteries formed with 0.2 weight percent Al2 0 3 

coated LMO, respectively. Plots of the fifth cycle (C/3 rate) 
voltage as a function of charge specific capacity and dis
charge specific capacity are shown in FIGS. 6A and 6B for 
batteries formed with uncoated LMO and for batteries formed 
with 0.2 weight percent Al20 3 coated LMO, respectively. 

[0113] Plots of the resulting discharge specific capacity as a 
function of cycle number are presented in FIG. 7 of an 
uncoated, i.e., pristine material, and for a positive electrode 
active material with one of four different amounts of Al2 0 3 

coating of 0.2 wt %,0.5 wt %, 1 wt %, and 2 wt %. The best 
results were obtained for the sample with the lower amount of 
coating, 0.2 weight percent. The sample with the most coating 
material, 2 weight percent, had a specific capacity less than 
the battery formed with the uncoated sample. The battery 
formed with the sample having a 0.2 weight percent coating 
exhibited surprisingly excellent performance out to 55 cycles 
at a discharge rate of C/3. Specifically, the sample had a 
discharge capacity at cycle 55 that was virtually the same as 
the capacity at cycle 5. 

[0114] Another set of batteries were cycled using a differ
ent cycling protocol. Similar results were obtained with the 
second cycling protocol. Referring to FIG. 8, these batteries 
were cycled at a discharge rate ofCIl 0 for cycles 1 and 2, C/5 
for cycles 3 and 4, C/3 for cycles 5 and 6, 1 C for cycles 7 -11, 
2 C for cycles 12-16, and 5 C for cycles 17-21. Plots of 
specific discharge capacity as a function of cycle number are 
plotted in FIG. 8. The sample with a 0.2 weight percent 
coating exhibited a battery capacity greater than the other 
coated samples at all of the rates. 

Example 4 

Battery Performance with Aluminum Oxide Coated 
Materials with the Coating Fired Over a Range of 

Temperatures 

[0115] This example describes the performance of the alu
minum oxide coated materials in coin cell batteries in which 
results are obtained with coating material that was calcined at 
different temperatures to evaluate battery performance as a 
function of the processing temperature for the aluminum 
oxide coating material. 

[0116] To test the performance of the materials, coin cell 
batteries were formed with the lithium metal oxide (LMO) 
powders with or without an aluminum oxide coating from 
Example 2 in which the coating material was calcined at 400, 
500, 600, 800 or 10000 C. The samples had 0.5 weight percent 
aluminum oxide coating. The LMO powders were formed 
into coin cells as described in Example 3, and the resulting 
batteries were cycled at a discharge rate of CIl 0 for cycles 1 
and 2, C/5 for cycles 3 and 4, C/3 for cycles 5 and 6, 1 C for 
cycles 7-11, 2 C for cycles 12-16,5 C for cycles 17-21 andC/5 
for cycles 22-24. Specific capacity as a function of cycle 
number is plotted in FIG. 9. The specific capacity results for 
the coated materials calcined at 10000 C. were generally 
worse than for the uncoated samples. The specific capacities 
for the coated samples calcined at 5000 C. and 6000 C. gen
erally had very good specific capacities. The first cycle spe
cific charge and discharge capacities are plotted as a function 
of the calcination temperature for the coating in FIG. 10. The 
first cycle irreversible capacity losses are plotted as a function 
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of the calcination temperature for the coating in FIG. 11. 
Performance results for the batteries are summarized in Table 
5. 

TABLES 

C/l0- CIlO-Dis- C/3-Dis- lC-Dis- 2C-Dis-
Condition Charge charge IRCL charge charge charge 

Pristine 316 260 56 232 193 159 
400/5 h 314 274 40 260 223 174 
500/5 h 319 279 40 262 226 177 

600 C./5 h 326 284 42 266 225 188 
800 C./5 h 321 278 43 255 221 183 

1000 C./5 h 314 235 79 213 177 143 

Example 5 

Coating with Bismuth Oxide 

[0117] This example describes the formation of a bismuth 
oxide coating on the high capacity lithium rich metal oxides 
formed as described in Example 1 with the formula of sample 
1 of Table 3. 
[0118] A bismuth oxide coating over the high capacity 
cathode material was performed by drying a bismuth nitrate 
onto the active lithium metal oxide followed by a calcination 
step. Specifically, bismuth nitrate was dissolved in a selected 
amount of water, and the cathode material to be coated with 
Bi2 0 3 was dispersed in the bismuth nitrate solution. Then, 
this mixture was heated at 80-100° C. for -2 h until reaching 
dryness. The dry powder was collected and fired at 300-400° 
C. for 2 h in a conventional muffle furnace in a dry air to form 
the bismuth oxide coating. 
[0119] The materials coated with bismuth oxide are exam
ined using x-ray diffraction. The x-ray diffractograms are 
shown in FIG. 12 for the uncoated material along with 4 
samples with different amounts of bismuth oxide coating of 
the same material. Samples were prepared with about 0.1,0.5, 
2.0 and 5.0 weight percent coating material. As shown from 
the diffractograms in FIG. 12, the coatings did not signifi
cantly alter the crystal structure of the materials. 

Example 6 

Battery Performance with Bismuth Oxide Coated 
Materials 

[0120] This example provides battery performance results 
for batteries incorporating the positive electrode active mate
rials having bismuth oxide coatings from Example 4. 
[0121] Coin cells were formed as described in Example 3 
using the powders synthesized as described in Example 5. 
Cell voltage as a function of specific capacity are plotted in 
FIGS. 13A and 13B for the first charge and discharge cycle at 
a rate of CIl 0 for batteries with an uncoated LMO active 
material and with LMO active material coated with 0.5 
weight percent Bi20 3 , respectively. The coated samples 
exhibited an increase in discharge specific capacity and a 
corresponding decrease in first cycle irreversible capacity 
loss (IRCL). Corresponding charge and discharge plots are 
presented in FIGS. 13C and 13D for uncoated and 0.5 weight 
percent coated samples, respectively, for the 5th charge/dis
charge cycle at a rate of C/3. Again, the battery with appro
priately coated sample exhibited a greater discharge specific 
capacity. 
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[0122] Plots of specific discharge capacity as a function of 
cycle number are presented in FIG. 14 for batteries formed 
with uncoated lithium metal oxides and for four samples of 
lithium metal oxides coated with bismuth oxide. Referring to 
FIG. 14, the batteries were cycled at a discharge rate of C/IO 
for cycles 1 and 2, C/5 for cycles 3 and 4, C/3 for cycles 5 and 
6,1 C for cycles 7-11, 2 C for cycles 12-16, and 5 C for cycles 
17 -22. The batteries formed with lithium metal oxide powder 
with a 0.1 weight percent Bi20 3 coating and a 0.5 weight 
percent Bi20 3 coating had a greater specific discharge capac
ity relative to batteries formed with uncoated samples at all 
rates. 

Example 7 

Lithium Metal Oxides Active Compositions Coated 
with Magnesium Oxide 

[0123] This example describes the formation of a magne
sium oxide coating on the high capacity lithium rich metal 
oxides formed as described in Example 1 with the formula of 
samples 2-8 from Table 3. 
[0124] A magnesium oxide coating over the high capacity 
cathode material was performed through the precipitation of 
magnesium hydroxide followed by a calcination step. Spe
cifically, magnesium nitrate was dissolved in a selected 
amount of water, and the cathode material to be coated with 
MgO was dispersed in the magnesium nitrate solution. Then, 
after the addition of ammonium hydroxide, the mixture was 
heated roughly at 60° C. for a period of time ranging from 2 
to 10 h. Subsequently, the mixture was filtered, and the solid 
obtained was subjected to copious washing. Then, the solid 
was calcined at 300-800° C. for 4-12 hours to form magne
sium oxide coated LMO powder. The dry powder was col
lected and fired at 350° C. for 2 h in a conventional muffle 
furnace in a dry air. The uncoated material of samples 2-8 of 
Example 1 along with 7 samples with 0.5 wt % MgO coating 
of the same sample 2-8 were synthesized. X-ray diffracto
grams taken with the uncoated and MgO coated samples 
confirm that the coatings do not significantly alter the crys
talline structure of the materials. 

Example 8 

Battery Performance with Magnesium Oxide Coated 
Materials 

[0125] This example provides battery performance results 
for batteries incorporating the positive electrode active mate
rials having magnesium oxide coatings from Example 7. 
[0126] Coin cell batteries were formed as described in 
Example 3 using the powders synthesized as described in 
Example 7. Specific capacity at the first charge and discharge 
cycle, first cycle irreversible capacity loss (IRCL), and aver
age voltage of the batteries are compared and the results are 
outlined in Table 4 below. As noted above, the irreversible 
capacity loss is the difference between the first charge capac
ity and the first discharge capacity for the battery. Plots of the 
voltage versus the charge and discharge specific capacities for 
the first cycle (CIl 0 rate) are presented in FIGS. 15A and 15B, 
respectively, for batteries formed with uncoated LMO and 
MgO coated LMO for sample 2 in Example 1. Plots of the 
voltage versus the charge and discharge specific capacities for 
the fifth cycle (C/3 rate) are presented inFIGS. 16A and 16B, 
respectively, for batteries formed with uncoated LMO and 
MgO coated LMO for sample 2 in Example 1. 
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[0127] The average voltage was obtained in the first dis
charge cycle for a discharge from 4.6V to 2V at a discharge 
rate ofC/lO. Specifically, data shown in Table 6 is directed to 
battery performance with positive electrode active materials 
with formula of samples 3, 4, and 6-8 and results from cor
responding composite materials coated with 0.5 wt % MgO. 
The coated samples exhibited an increase in charge and dis
charge specific capacity and a corresponding same or 
increased first cycle irreversible capacity loss (IRCL). 

TABLE 6 

Specific Capacity 
(mAhlg) IRCL Average 

System Charge Discharge (mAh/g) Voltage (V) 

Sample 3 331 261 70 3.576 
Sample 3 coated 340 270 70 3.586 
Sample 4 332 257 75 3.575 
Sample 4 coated 340 267 73 3.59 
Sample 6 273 226 47 3.678 
Sample 6 coated 292 235 57 3.7 
Sample 7 271 228 43 3.717 
Sample 7 coated 291 238 53 3.718 
Sample 8 230 202 28 3.866 
Sample 8 Coated 233 203 30 3.849 

[0128] Batteries formed with pristine and coated LMOs 
with formula of samples 2-5 are prepared using the procedure 
outlined in Example 3. Plots of specific discharge capacity as 
a function of cycle number are presented in FIG. 17 for 
batteries formed with uncoated lithium metal oxides and in 
FIG. 18 for batteries formed with 0.5 wt % MgO coated 
lithium metal oxides. The batteries were cycled at a discharge 
rate ofC/lO for cycles 1 and 2, C/5 for cycles 3 and 4, C/3 for 
cycles 5 and 6, 1 C for cycles 7 -11, 2 C for cycles 12-16, 5 C 
for cycles 17-21, and 0.2 C for cycles 22-24. Plots of differ
ential capacity (mAh/V) versus voltage (V) of the coated and 
uncoated samples are shown in FIG. 19. The charging process 
is plotted as a positive differential capacity, and the discharg
ing process is plotted as a negative discharge capacity. The 
differential capacity results are qualitatively the same regard
less of the coated or uncoated samples used. The discharge 
peak near 3.8-3.9 volts is believed to be related to the reaction 
of LiM02 component of formula I, while the peak near 404-
4.5 volts is believed to be related to the reaction of the 
Li2Mn03 component of the composition. 
[0129] The embodiments above are intended to be illustra
tive and not limiting. Additional embodiments are within the 
claims. In addition, although the present invention has been 
described with reference to particular embodiments, those 
skilled in the art will recognize that changes can be made in 
form and detail without departing from the spirit and scope of 
the invention. Any incorporation by reference of documents 
above is limited such that no subject matter is incorporated 
that is contrary to the explicit disclosure herein. As used 
herein, the notation (value 1 ~variable~value2) implicitly 
assumes that value 1 and value 2 are approximate quantities. 

What is claimed is: 
1. A lithium ion battery positive electrode material com

prising a lithium metal oxide approximately represented by 
the formula Lil+xMl_x02_zF z' where M is a non-lithium metal 
element or a combination thereof and 0.01 ~x~0.3, O~z~O. 
2, coated with from about 0.1 to about 0.75 weight percent of 
a metal/metalloid oxide. 
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2. The positive electrode material of claim 1 wherein the 
metal/metalloid oxide comprises aluminum oxide (AI20 3), 
bismuth oxide (Bi20 3), boron oxide (B20 3), zirconium oxide 
(Zr02), magnesium oxide (MgO), chromium oxide (Cr20 3), 
magnesium aluminate (MgAI20 4 ), gallium oxide (Ga20 3), 
silicon oxide (Si02), tin oxide (Sn02), calcium oxide (Ca02), 
strontium oxide (srO), barium oxide (BaO), titanium oxide 
(Ti02), iron oxide (Fe20 3), molybdenum oxide (Mo03 and 
Mo02), cerium oxide (Ce02), lanthanum oxide (La20 3), zinc 
oxide (ZnO), lithium aluminum oxide (LiAI02), or combina
tions thereof. 

3. The positive electrode material of claim 1 wherein the 
metal/metalloid oxide comprises aluminum oxide, magne
sium oxide, or bismuth oxide. 

4. The positive electrode material of claim 1 wherein the 
lithium metal oxide can be approximately represented by a 
formula of xLi2M'03.(1-x) LiM"02' where M' represents 
one or more metal ions having an average valance of +4 and 
M" represents one or more metal ions having an average 
valance of +3, and O<x<l. 

5. The positive electrode material of claim 1 wherein the 
lithium metal oxide can be approximately represented by a 
formula Li1+bNiaMnflCOyA,,02' where b ranges from about 
0.05 to about 0.3, a ranges from 0 to about 004, ~ range from 
about 0.2 to about 0.65, y ranges from 0 to about 0046, and Il 
ranges from 0 to about 0.15 with the proviso that both a and 
yare not zero, and where A is Mg, Sr, Ba, Cd, Zn, AI, Ga, B, 
Zr, Ti, Ca, Ce, Y, Nb, Cr, Fe, V, or combinations thereof. 

6. The positive electrode material of claim 1 wherein the 
lithium metal oxide can be approximately represented by a 
formula Lil+bNiaMnflCOy02' where b ranges from about 
0.05 to about 0.3, a ranges from about 0 to about 004, ~ range 
from about 0.2 to about 0.65, and y ranges from 0 to about 
0046. 

7. The positive electrode material of claim 1 having a 
specific discharge capacity of at least about 260 mAh/g with 
a discharge rate of C/3 when discharged from 4. 6V to 2.0 V at 
room temperature. 

8. The positive electrode active material of claim 1 having 
a specific discharge capacity of at least about 230 mAh/ g with 
a discharge rate of C/3 at the 50th charge/discharge cycle 
when discharged from 4.6V to 2.0 Vat room temperature. 

9. The positive electrode material of claim 1 wherein the 
irreversible capacity loss is reduced by at least about 15% 
relative to the irreversible capacity loss of the uncoated 
lithium metal oxide. 

10. The positive electrode material of claim 1 wherein the 
lithium metal oxide is approximately represented by the for
mula Li Niu+,j.Mnu_,j.COwAy02, wherein 2u+w+y=l, 
-0.3~1l~0.3, O~w~l, 0~u~0.5, and O~y~O.1 with the 
proviso that both u+A and ware not zero. 

11. A lithium ion battery positive electrode material com
prising a lithium metal oxide coated with a metal/metalloid 
oxide coating composition, 

wherein the lithium metal oxide can be approximately 
represented by a formula Lil+aNiaMnflCOyA,,02_zFz, 
where a ranges from about 0.05 to about 0.3, a ranges 
from 0 to about 004, ~ range from about 0.2 to about 0.65, 
y ranges from 0 to about 0046, Il ranges from about 0 to 
about 0.15, zranges form Oto about 0.2 with the proviso 
that both a and yare not zero, and where A is Mg, Sr, Ba, 
Cd, Zn, AI, Ga, B, Zr, Ti, Ca, Ce, Y, Nb, Cr, Fe, V, or 
combinations thereof, 
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wherein the coating composition comprises less than 2 
weight percent of the positive electrode material, and 

wherein the positive electrode material has a specific dis
charge capacity of at least about 260 mAh/g with a 
discharge rate of C/3 when discharged from 4.6V to 2.0 
V at room temperature. 

12. The positive electrode material of claim 11 wherein the 
metal/metalloid oxide coating composition comprises alumi
num oxide (AI20 3 ), bismuth oxide (Bi20 3 ), boron oxide 
(B20 3 ), zirconium oxide (zr02), magnesium oxide (MgO), 
chromium oxide (Cr20 3 ), magnesium aluminate (MgAI20 4 ), 

gallium oxide (Ga20 3 ), silicon oxide (Si02), tin oxide 
(Sn02), calcium oxide (Ca02), strontium oxide (SrO), 
barium oxide (BaO), titanium oxide (Ti02), iron oxide 
(Fe20 3 ), molybdenum oxide (Mo03 and Mo02), cerium 
oxide (Ce02), lanthanum oxide (La20 3 ), zinc oxide (ZnO), 
lithium aluminum oxide (LiAI02), or combinations thereof. 

13. The positive electrode material of claim 11 wherein the 
coating composition comprises aluminum oxide. 

14. The positive electrode material of claim 11 wherein the 
coating composition comprises from about 0.025 to about 1 
weight percent of the positive electrode material. 

15. The positive electrode material of claim 11 wherein the 
coating composition comprises from about 0.1 to about 0.75 
weight percent of the positive electrode material. 

16. The positive electrode material of claim 11 having a 
specific discharge capacity of at least about 230 mAh/g with 
a discharge rate of C/3 at the 50th charge/discharge cycle 
when discharged from 4.6V to 2.0 Vat room temperature. 

17. The positive electrode material of claim 11 wherein the 
irreversible capacity loss is reduced by at least about 10% 
relative to the irreversible capacity loss of the uncoated 
lithium metal oxide. 

18. The positive electrode material of claim 11 wherein the 
lithium metal oxide is approximately represented by the for
mula Li Niu+,j.Mnu_,j.COwAy02' wherein 2u+w+y=l, 
-0.3~1l~0.3, O~w~l, 0~u~0.5, and O~y~O.I, with the 
proviso that both (u+ll) and w are not zero. 

19. A lithium ion battery comprising 
a positive electrode, 
a negative electrode comprising a lithium incorporation 

composition, 
a separator between the positive electrode and the negative 

electrode, and 
an electrolyte comprising lithium ions, 
wherein the positive electrode comprises an active mate

rial, distinct electrically conductive powders, and a poly
mer binder, 

wherein the positive electrode active material comprises 
lithium metal oxide coated with a metal/metalloid oxide 
coating composition, 

wherein the lithium metal oxide can be approximately 
represented by a formula Lil+bNi,,,MnflCOyA,,02_zFz' 
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where b ranges from about 0.05 to about 0.3, a ranges 
from 0 to about 0.4, ~ range from about 0.2 to about 0.65, 
y ranges from 0 to about 0.46, Il ranges from about 0 to 
about 0.15 and z ranges from 0 to about 0.2 with the 
proviso that both a and y are not zero, and where A is 
Mg, Sr, Ba, Cd, Zn, AI, Ga, B, Zr, Ti, Ca, Ce, Y, Nb, Cr, 
Fe, V, or combinations thereof, 

wherein the coating composition comprises less than 2 
weight percent of the positive electrode material, and 

wherein the positive electrode material has a specific dis
charge capacity of at least about 230 mAb/g with a 
discharge rate of C/3 at the 50th charge/discharge cycle 
when discharged from 4.6V to 2.0 V at room tempera
ture. 

20. The lithium ion battery of claim 19 wherein the metal/ 
metalloid oxide coating composition comprises aluminum 
oxide (AI20 3 ), bismuth oxide (Bi20 3 ), boron oxide (B20 3 ), 

zirconium oxide (zr02), magnesium oxide (MgO), chro
mium oxide (Cr20 3 ), magnesium aluminate (MgAI20 4 ), gal
lium oxide (Ga20 3 ), silicon oxide (Si02), tin oxide (Sn02), 
calcium oxide (Ca02), strontium oxide (SrO), barium oxide 
(BaO), titanium oxide (Ti02), iron oxide (Fe20 3 ), molybde
num oxide (Mo03 and Mo02), cerium oxide (Ce02), lantha
num oxide (La20 3 ), zinc oxide (ZnO), lithium aluminum 
oxide (LiAI02), or combinations thereof. 

21. The lithium ion battery of claim 19 wherein the coating 
composition comprises aluminum oxide. 

22. The lithium ion battery of claim 19 wherein the coating 
composition comprises less than about 1 weight percent of 
the positive electrode material. 

23. The lithium ion battery of claim 19 wherein the lithium 
metal oxide is approximately represented by the formula Li 
Niu+,j.Mnu_,j.CO~y02' wherein 2u+w+y=l, -0.3~1l~0.3, 
O~w~ 1, 0~u~0.5, and O~y~O.1 with the proviso that both 
(u+ll) and ware not zero. 

24. A method for forming a coated positive electrode active 
composition for a lithium-ion based battery, the method com
prising heating the active material with an aluminum precur
sor coating to a temperature from about 5000 C. to about 8000 

C. 
25. The method of claim 24 wherein the aluminum precur

sor coating comprises aluminum hydroxide. 
26. The method of claim 24 wherein the positive electrode 

active composition comprises a lithium rich metal oxide 
approximately represented by the formula Lii+xMl_x02_zFz' 
where M is a non-lithium metal element or a combination 
thereof and 0.01 ~x~0.3, 0~z~0.2. 

27. The method of claim 24 wherein the coated positive 
electrode active composition comprises from about 0.1 to 
about 0.75 weight percent of an aluminum oxide coating. 

* * * * * 


