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(57) ABSTRACT 

High specific capacity lithium rich lithium metal oxide mate
rials are coated with inorganic compositions, such as metal 
fluorides, to improve the perfonnance of the materials as a 
positive electrode active material. The resulting coated mate
rial can exhibit an increased specific capacity, and the mate
rial can also exhibit improved cycling. The materials can be 
formed while maintaining a desired relatively high average 
voltage such that the materials are suitable for the fonnation 
of commercial batteries. Suitable processes are described for 
the synthesis of the desired coated compositions that can be 
adapted for commercial production. 
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COATED POSITIVE ELECTRODE 
MATERIALS FOR LITHIUM ION BATTERIES 

FIELD OF THE INVENTION 

[0001] The invention relates to coated positive electrode 
active materials for lithium ion batteries, and in particular 
lithium rich positive electrode active materials with an inert 
coating. The invention further relates to batteries with 
improved performance properties as a result of selected coat
ing of the positive electrode active materials. 

BACKGROUND OF THE INVENTION 

[0002] 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. 
[0003] 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 

[0004] In a first aspect, the invention pertains to a lithium 
ion battery positive electrode material comprising an active 
composition represented by the formula Li 1+xMl_x02' where 
M is a metal element or a combination thereof and 
0.01 ~x~0.3, coated with an inorganic coating composition 
wherein the coating composition comprises a metal/metal
loid fluoride. 
[0005] In a further aspect, the invention pertains to a 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. Gener
ally, the positive electrode comprises an active material, dis
tinct electrically conductive powders and a polymer binder, 
wherein the positive electrode active material comprises an 
active composition coated with an inorganic coating compo
sition. The positive electrode active material can have a dis
charge specific capacity of at least about 190 mAh/g with a 
discharge rate of 2 C from 4.6 volts to 2.0 volts at room 
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temperature for the fifteenth charge/discharge cycle. In some 
embodiments, the active composition can be approximately 
represented by the formula Ll+xMl_x02' where M is a metal 
element or a combination thereof and 0.01~x~0.3, coated 
with an inorganic coating composition. 
[0006] In another aspect, the invention pertains to a lithium 
ion battery comprising a positive electrode, a negative elec
trode comprising a lithium incorporation composition and a 
separator between the positive electrode and the negative 
electrode, in which the positive electrode comprises an active 
material having an active composition coated with an inor
ganic composition, distinct electrically conductive powers 
and a polymer binder. The positive electrode active material 
can have a discharge specific capacity of at least about 245 
mAh/g, an average voltage of at least about 3.55 volts and a 
capacity at 40 cycles that is at least about 90% of the capacity 
at 10 cycles with a discharge rate of C/3 from 4.6 volts to 2.0 
volts at room temperature. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] FIG. 1 is a schematic drawing of a battery structure 
separated from a container. 
[0008] FIG. 2 is a set ofSEM micrographs of uncoated high 
capacity cathode lithium oxide material at (a) 100 micron and 
(b) 20 micron resolution respectively relative to a reference 
bar as shown in the distance scale legend, and AIF 3 coated 
high capacity cathode lithium metal oxide material at (c) 100 
micron and (d) 20 micron resolution respectively relative to a 
reference bar as shown in the distance scale legend. 
[0009] FIG. 3 is a plot of an X-ray diffraction spectrum of 
uncoated (pristine) high capacity cathode lithium metal oxide 
material sample and samples coated with varying thickness of 
AIF3· 
[0010] FIG. 4 is a set of two plots of cell voltage versus 
specific capacities of a uncoated high specific capacity cath
ode lithium metal oxide material cycled in the voltage range 
of2.0V-4.6Vata charge/discharge rate of (a) 0.1 C for the 1st 
cycle and (b) 113 C for the seventh cycle. 
[0011] FIG. 5 is a plot of specific discharge capacity versus 
cycle number of an uncoated high capacity cathode lithium 
metal oxide material cycled at 0.1 C for the first three cycles, 
0.2 C for cycle numbers 4-6 and 0.33 C for cycle numbers 
7-40. 
[0012] FIG. 6 is a set ofTEM micrographs of (a) uncoated, 
(b) 7 umAIF3 coated, and (c) 25 nmAIF3 coated high specific 
capacity cathode lithium metal oxide materials. 
[0013] FIG. 7 is a plot of differential scanning calorimetry 
data for uncoated and four coated samples for the high capac
ity positive electrode active materials. 
[0014] FIG. 8 is a plot of electrochemistry impedance spec
troscopy results for electrodes formed with the positive elec
trode active materials for 5 coated material samples. 
[0015] FIG. 9 is a set of two plots of cell voltage versus 
specific discharge capacities of a 3 nm AIF3 coated high 
capacity cathode lithium metal oxide material cycled in the 
voltage range of2.0 V-4.6 Vat a charge/discharge rate of (a) 
0.1 C for the first cycle and (b) 113 C for the 7th cycle. 
[0016] FIG. 10 is a plot of specific discharge capacity ver
sus cycle number of a 3 nmAIF 3 coated high specific capacity 
cathode lithium metal oxide material cycled at 0.1 C for the 
first three cycles, 0.2 C for cycle numbers 4-6 and 0.33 C for 
cycle numbers 7-40. 
[0017] FIG. 11 is a set of two plots of cell voltage versus 
specific discharge capacities of a 22 nm AIF3 coated high 
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specific capacity cathode lithium metal oxide material cycled 
in the voltage range of2.0V-4.6Vat a discharge rate of (a) 0.1 
C for the 1 st cycle and (b) 113 C for the 7th cycle. 
[0018] FIG. 12 is a plot of specific discharge capacity ver
sus cycle number of a 22 nmAlF 3 coated high specific capac
ity cathode lithium metal oxide material cycled at 0.1 C for 
the first three cycles, 0.2 C for cycle numbers 4-6 and 0.33 C 
for cycle number 7 -40. 
[0019] FIG. 13 is a set comparison plots of specific dis
charge capacity versus cycle number for a high specific 
capacity cathode lithium metal oxide material, uncoated and 
five differentAlF 3 coating thicknesses, cycled at 0.1 C for the 
first three cycles, 0.2 C for cycle numbers 4-6 and 0.33 C for 
cycle 7-40. 
[0020] FIG. 14 is a set of two plots of (a) percentage irre
versible capacity loss (IRCL) versus AlF3 coating thickness 
and (b) specific IRCL versus AIF 3 coating thickness of the 
high specific capacity cathode material. 
[0021] FIG. 15 is a set of two plots of (a) average voltage 
versus AIF 3 coating thickness and (b) percentage of average 
voltage reduction versus AIF 3 coating thickness of the high 
specific capacity cathode material. 
[0022] FIG. 16 is a plot of coulombic efficiency between 
the first and 34th cycles cycled at 0.33 C versus AIF 3 coating 
thickness of the high specific capacity cathode material. 
[0023] FIG. 17 is a plot of x-ray diffractograms for a lithium 
metal oxide with one of four different metal bifluoride coat
ings. 
[0024] FIG. 18 is a set of transmission electron micro
graphs showing the coating for (A) MgF2 with an average 
thickness of about 3 nm and for (B) SrF2 with an average 
thickness of about 2 nm. 
[0025] FIG. 19 is a plot of cell voltage versus specific 
capacity for the first charge and discharge cycle at a rate of 
ClIO for a battery formed with an uncoated high capacity 
positive electrode active material. 
[0026] FIG. 20 is a plot of cell voltage versus specific 
capacity for the first charge and discharge cycle at a rate of 
CIl 0 for a battery formed with a high capacity positive elec
trode active material coated with MgF2. 
[0027] FIG. 21 is a plot of cell voltage versus specific 
capacity for the first charge and discharge cycle at a rate of 
CIl 0 for a battery formed with a high capacity positive elec
trode active material coated with SrF2. 
[0028] FIG. 22 is a plot of cell voltage versus specific 
capacity for the first charge and discharge cycle at a rate of 
CIl 0 for a battery formed with a high capacity positive elec
trode active material coated with BaF2. 
[0029] FIG. 23 is a plot of cell voltage versus specific 
capacity for the first charge and discharge cycle at a rate of 
CIl 0 for a battery formed with a high capacity positive elec
trode active material coated with CaF2. 
[0030] FIG. 24 is a plot of specific discharge capacity as a 
function of cycle number for five batteries respectively 
formed with uncoated positive electrode active materials or 
with positive electrode active materials coated with MgF2' 
SrF 2' BaF 2 or CaF 2' 
[0031] FIG. 25 is a graph with plots of specific discharge 
capacity as a function of cycle number for coin cell batteries 
formed with a negative electrode comprising graphite and a 
positive electrode having a high capacity active material that 
is uncoated or coated with an indicated average thickness of 
AlF3· 
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[0032] FIG. 26 is a set of two transmission electron micro
graphs showing AIF 3 coatings on a second lithium rich active 
material with an average thickness of about 3 nm (A) and 
about 17 nm (B). 
[0033] FIG. 27 is a plot of cell voltage versus specific 
capacity for the first charge and discharge cycle at a rate of 
CIl 0 for a battery formed with an alternative positive elec
trode active material with cycling between 2.0V and 4.3y' 
[0034] FIG. 28 is a plot of cell voltage versus specific 
capacity for the first charge and discharge cycle at a rate of 
CIl 0 for a battery formed with the alternative positive elec
trode active material having an AlF3 coating with cycling 
between 2.0V and 4.3y' 
[0035] FIG. 29 is a plot of cell voltage versus specific 
capacity for the first charge and discharge cycle at a rate of 
CIl 0 for a battery formed with the alternative positive elec
trode active material with cycling between 2.0V and 4.Sy' 
[0036] FIG. 30 is a plot of cell voltage versus specific 
capacity for the first charge and discharge cycle at a rate of 
CIl 0 for a battery formed with the alternative positive elec
trode active material having an AlF3 coating with cycling 
between 2.0V and 4.Sy' 
[0037] FIG. 31 is a set comparison plots of specific dis
charge capacity versus cycle number for the alternative posi
tive active material, uncoated and five different AIF 3 coating 
thicknesses cycled at 0.1 C for the first two cycles and 0.33 C 
for cycle 3-18. 
[0038] FIG. 32 is a set comparison plots of specific dis
charge capacity versus cycle number for the alternative posi
tive electrode active material, uncoated and five different 
AlF3 coating thicknesses cycled between 2.0V and 4.SV at 
0.1 C for the first two cycles and 0.33 C for cycle 3-18. 

DETAILED DESCRIPTION OF THE INVENTION 

[0039] It has been discovered that lithium rich metal oxides 
can be effectively coated at relatively small thicknesses with 
metalloid fluoride coatings to significantly improve the per
formance of the resulting lithium ion batteries. The lithium 
rich metal oxides are capable of being stably charged to high 
voltages with resulting higher discharge capacities relative to 
some lower voltage materials. The coatings can improve a 
range of properties of the resulting batteries. In particular, the 
coated materials can exhibit high average voltages that can 
provide a more consistent voltage over a wide range of the 
battery capacity. The materials can be synthesized effectively 
using techniques that are readily scalable for commercial 
production. In addition, the materials can be synthesized at 
high tap densities, such that the resulting batteries can exhibit 
high effective capacities for a given battery volume. Further
more, the batteries exhibit high specific capacities and excel
lent cycling at moderate rate charging and discharging. Thin 
inert metal oxide or metal phosphate coatings can also pro
vide desired performance properties for resulting batteries 
formed with the materials. Therefore, the materials can be 
effectively used for commercial applications involving mod
erate discharge rate capability, such as plug in hybrid electric 
vehicles. 
[0040] Lithium ion batteries described herein have 
achieved improved cycling performance while exhibiting 
high specific capacity and high overall capacity. Suitable 
synthesis techniques for the lithium rich metal oxides include, 
for example, co-precipitation approaches or sol-gel synthesis. 
Use of a metal fluoride coating, a metal oxide coating or other 
suitable coatings provides enhanced cycling performance. 
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The positive electrode materials also exhibit a high average 
voltage over a discharge cycle so that the batteries have high 
power output along with a high specific capacity. The mate
rials can also exhibit high specific capacities at surprisingly 
high rates, such as 2 C discharge rates. As a result of a 
relatively high tap density and excellent cycling performance, 
the battery exhibit continuing high capacity when cycled. 
Furthermore, the positive electrode materials demonstrate a 
reduced amount of irreversible capacity loss during the first 
charge and discharge cycle of the battery so that negative 
electrode material can be correspondingly reduced. The com
bination of excellent cycling performance, high specific 
capacity, and high overall capacity make these resulting 
lithium ion batteries an improved power source, particularly 
for high energy applications, such as electric vehicles, plug in 
hybrid vehicles and the like. 
[0041] The batteries described herein are lithium ion bat
teries in which a non-aqueous electrolyte solution comprises 
lithium ions. For secondary lithium ion batteries, lithium ions 
are released from the negative electrode during discharge 
such that the negative electrode functions as an anode during 
discharge with the generation of electrons from the oxidation 
of lithium upon its release from the electrode. Correspond
ingly, the positive electrode takes up lithium ions through 
intercalation or a similar process during discharge such that 
the positive electrode functions as a cathode which consumes 
electrons during discharge. Upon recharging of the secondary 
battery, the flow oflithium ions is reversed through the battery 
with the negative electrode taking up lithium and with the 
positive electrode releasing lithium as lithium ions. Gener
ally, the batteries are formed 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 material to pre
pare the battery for discharge. 
[0042] 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 form, 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 form 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. 
[0043] 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. In some embodiments, the excess 
lithium can be referenced relative to a composition LiM02, 
where M is one or more metals with an average oxidation state 
of +3. The additional lithium in the initial cathode material 
provides 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 
represented by the additional lithium of the positive elec
trode. 
[0044] 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 
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of lithium rich materials, a Li2Mn03 material may be struc
turally integrated with either a layered LiMn02 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. Positive electrode active materials of particular inter
est have a formula Li1+xNi,,,MnflCoyA,,02' where x ranges 
from about 0.05 to about 0.3, a ranges from about 0.1 to about 
0.4, ~ range from about 0.3 to about 0.65, y ranges from about 
o to about 0.4, and Il ranges from about 0 to about 0.15, and 
where A is Mg, Sr, Ba, Cd, Zn, AI, Ga, B, Zr, Ti, Ca, Ce, Y, Nb, 
Cr, Fe, V, Li or combinations thereof. 
[0045] Furthermore, surprisingly large capacities have 
been obtained for Li[Lio.2Nio.17s COO.lOMnO.S2S]02' as pre
sented 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-precipitation process. Also, very high specific 
capacities were obtained for this composition using hydrox
ide co-precipitation and sol gel synthesis approaches as 
described in U.S. application Ser. No. 12/246,814 to Ven
katachalam 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 cathode materials. These compositions 
use low 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 pro
duction. 

[0046] A carbonate co-precipitation process has been per
formed for the desired lithium rich metal oxide materials 
described herein having nickel, co baIt and manganese cations 
in the composition and exhibiting the high specific capacity 
performance. In addition to the high specific capacity, the 
materials exhibit superior tap density which leads to high 
overall capacity of the material in fixed volume applications. 
As demonstrated in the examples below, the lithium rich 
metal oxide materials formed with the carbonate co-precipi
tation process have improved performance properties. Spe
cifically, the specific lithium rich composition of the previous 
paragraph formed by the carbonate co-precipitation process 
is used in coated forms to generate the results in the Examples 
below. 

[0047] 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 
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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. To compensate for this first 
cycle irreversible capacity loss, extra electro active material 
can be included in the negative electrode such that the battery 
can be fully charged even though this lost capacity is not 
accessible during most of the life of the battery. Due to the 
inclusion of additional negative electrode active material to 
compensate for the irreversible capacity loss, negative elec
trode material is essentially wasted. The irreversible capacity 
lose generally can be attributed to changes during the initial 
charge-discharge cycle of the battery materials that are sub
stantially maintained during subsequent cycling of the bat
tery. Some of these irreversible capacity losses can be attrib
uted to the positive electrode active materials, and the coated 
materials described herein result in a decrease in the irrevers
ible capacity loss of the batteries. 

[0048] Appropriate coating materials can both improve the 
long term cycling performance 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. In 
particular, metal fluoride compositions can be used as effec
tive coatings. The general use of metal fluoride compositions 
as coatings for cathode active materials, specifically LiCo02 

and LiMn2 0 4 , is described in published PCT application WO 
200611 09930A to Sun et a!., entitled "Cathode Active Mate
rial Coated with Fluorine Compound for Lithium Secondary 
Batteries and Method for Preparing the Same," incorporated 
herein by reference. 

[0049] It has been discovered that metal fluoride coatings 
can provide significant improvements for lithium rich layered 
positive electrode active materials. In particular, AIF 3 can be 
a desirable coating material due to reasonable cost of the 
materials and the relatively low environmental concerns asso
ciated with aluminum ions, although other metals fluorides 
also are suitable. The performance improvements associated 
with the coating materials can relate to long term cycling with 
significantly reduced degradation of capacity, a significant 
decrease in first cycle irreversible capacity loss and an 
improvement in the capacity generally. Since the coating 
materials are believed to be inactive in the cell cycling, it is 
surprising that the coating materials can increase the active 
materials specific capacities. The amount of coating material 
can be selected to accentuate the observed performance 
improvements. The improvements lithium rich positive elec
trode active materials are described further in the '735 appli
cation and the '814 application. 

[0050] The materials described herein also exhibit a large 
tap density. In general, when specific capacities are compa
rable, a larger tap density of a positive electrode material 
results in a higher overall capacity of a battery. 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 dis
charge times for a specific application. Thus, these batteries 
can exhibit a meaningfully improved performance. It is useful 
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to note that during charge/discharge measurements, the spe
cific capacity of a material depends on the rate of discharge. 
The greatest specific capacity of a particular material is mea
sured at very slow discharge rates. In actual use, the actual 
specific capacity is less than the maximum value due to dis
charge at a faster rate. More realistic specific capacities can be 
measured using reasonable rates of discharge that are more 
similar to the rates encountered during actual use. For 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. 
[0051] In general, the improvements in the battery perfor
mance properties do not all correlate with the same coating 
thickness. These properties are studied in more detail below 
and corresponding results are presented in the Examples. In 
summary, the decrease in irreversible capacity loss plateaus at 
roughly 10 nanometers(nm) of coating thickness. With 
respect to average voltage, the coating tends to decrease the 
average voltage, but the average voltage is not significantly 
decreased with thinner coatings. With respect to the specific 
capacity, the specific capacity first increases and then 
decreases as the coating thickness increases. And the specific 
capacity results change with cycling and the rate of the dis
charge. 
[0052] A set of results are presented in the Examples below 
that provide information useful for evaluating appropriate 
coating thicknesses for desirable battery performance for 
high voltage batteries with reasonable long term cycling 
properties. It is found that thicker metal fluoride coatings with 
a thickness of roughly 20 nm or greater have a significant 
reduction in irreversible capacity loss. Materials with these 
thick coatings also exhibit good cycling over 34 charge-dis
charge cycles at a C/3 rate. However, these materials exhibit 
a significant drop in the average voltage. These materials with 
thicker coatings also exhibit reduced specific capacities rela
tive to thinner coatings. The drop in specific capacity for the 
materials with the thicker coating is more pronounced at 
higher rates, which might suggest that thicker coatings 
impede the movement oflithium ions past the thicker coating. 
[0053] At moderate metal fluoride coating thicknesses 
between about 8 nm and about 20 nm, the materials exhibit 
most of the decrease with respect to irreversible capacity loss 
as observed with materials with greater coating thicknesses. 
Furthermore, the average voltages are greater than obtained 
with thicker coatings. In addition, the specific capacity of 
these materials is similarly greater than for the same active 
composition with a greater coating thickness. However, the 
positive electrode active materials with intermediate coating 
thicknesses can have significantly poorer coulombic effi
ciency relative to materials with a greater coating thickness. 
In other words, the specific capacity of the materials with the 
greater coating thickness fades more quickly with cycling. 
Thus, if the results are extrapolated to a greater number of 
cycles, the positive electrode active materials with interme
diate thickness metal fluoride coatings would be expected to 
undesirably poor cycling properties in most applications. 
[0054] Surprisingly, the positive electrode active materials 
with thinner metal fluoride coatings display surprisingly 
desirable results. Thus, positive electrode active materials 
with a metal fluoride coating having a coating thickness from 
about 0.5 nm to about 12 nm have desirable and surprisingly 
good properties when incorporated into batteries. These, 
materials exhibit less of a decrease in irreversible capacity 
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loss. But irreversible capacity loss is not the most significant 
property of the materials in the context oflongerterm cycling. 
The positive electrode active materials with a thinner metal 
fluoride coating have a greater average voltage, which can be 
comparable to the average voltage of the uncoated material. 
These materials can have high initial specific capacities, and 
the materials can exhibit a desirable coulombic efficiency 
such that the fade with cycling is low at moderate rates out to 
at least 40 cycles. 
[0055] 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 performance for consumers, especially for 
medium current applications. 
[0056] 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. 

Battery Structure 

[0057] Referring to FIG. 1, a battery 100 is shown sche
matically having a negative electrode 102, a positive elec
trode 104 and a separator 106 between negative electrode 102 
and positive electrode 104. A battery can comprise multiple 
positive electrodes 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 posi
tive electrode 104. 
[0058] 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 fnnction 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 
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lithium metal itself is used as the anode, the resulting battery 
generally is simply referred to as a lithium battery. 
[0059] 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
nium oxide, such as LixTi02, 0.5<x~1 or Lil+xTi2_x04' 
O~x~l;3. Additional negative electrode materials are 
described in copending patent application Ser. No. 12/502, 
609 to Kumar, entitled "Composite Compositions, Negative 
Electrodes with Composite Compositions and Correspond
ing Batteries," and Ser. No. 12/429,438 to Kumar et aI., 
entitled "Lithium Ion Batteries with Particular Negative Elec
trode Compositions," both of which are incorporated herein 
by reference. 
[0060] 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 copending patent application Ser. 
No. 12/403,521 to Buckley et aI, entitled "High Energy 
Lithium Ion Secondary Batteries", incorporated herein by 
reference. 
[0061] 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 amonnts of electrically conductive powders within the 
explicit ranges above are contemplated and are within the 
present disclosure. 
[0062] 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 
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other structure can be subjected to a pressure from about 2 to 
about 10 kg/cm2 (kilograms per square centimeter). 
[0063] 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/orpolypro
pylene that are porous sheets that provide for ionic conduc
tion. Commercial 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. 
[0064] 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. 
[0065] 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), DME (glyme or 1,2-dimethyloxyethane or ethylene 
glycol dimethyl ether), nitromethane and mixtures thereof. 
[0066] The electrodes described herein can be incorporated 
into various commercial 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 testing in the Examples is 
performed using coin cell batteries. The batteries can com
prise a single cathode structure or a plurality of cathode 
structures assembled in parallel and/or series electrical con
nection(s). While the positive electrode active materials can 
be used in batteries for primary, or single charge use, the 
resulting batteries generally have desirable cycling properties 
for secondary battery use over multiple cycling of the batter
Ies. 
[0067] In some embodiments, the positive electrode and 
negative electrode can be stacked with the separator between 
them, and the resulting stacked structure can be rolled into a 
cylindrical or prismatic configuration to form the battery 
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structure. Appropriate electrically conductive tabs can be 
welded or the like to the current collectors, and the resulting 
jellyroll structure can be placed into a metal canister or poly
mer package, with the negative tab and positive tab welded to 
appropriate external contacts. Electrolyte is added to the can
ister, and the canister is sealed to complete the battery. Some 
presently used rechargeable commercial batteries include, for 
example, the cylindrical 18650 batteries (18 mm in diameter 
and 65 mm long) and 26700 batteries (26 mm in diameter and 
70 mm long), although other battery sizes can be used. 

Positive Electrode Active Materials 

[0068] The positive electrode active materials comprise 
lithium intercalating metal oxide compositions. In some 
embodiments, the lithium metal oxide compositions can 
comprise lithium rich compositions relative to a reference 
composition. Generally, LiM02 can be considered the refer
ence composition, and the lithium rich compositions can be 
referred to with an approximate formula Li 1+xMl_y02, where 
M represents one or more 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 embodi
ments x is approximately equal to y. In some embodiments, 
the compositions comprise Ni, Co and Mn ions optionally 
along with one or more additional metal ion dopants. It has 
been surprising found that the dopant improves the perfor
mance of the resulting compositions with respect to the 
capacity after cycling. Furthermore, for coated samples, the 
average voltage can be increased with doping and some 
decrease in the irreversible capacity loss has also been found. 
The desired electrode active materials can be synthesized 
using synthesis approaches described herein. 
[0069] The lithium rich compositions Lil+xMl_y02 provide 
additional lithium which can be available to contribute to the 
battery capacity. With the extra lithium loaded into the nega
tive electrode during charging, these batteries can operate at 
higher voltages. Thus, these materials provide a desirable 
high voltage material with higher specific capacities. 
[0070] In some compositions of particular interest, the 
compositions can be described by the formula Lil+xNiaMn
flCoyA,,02' where x ranges from about 0.01 to about 0.3, a 
ranges from about 0.1 to about 0.4, ~ ranges from about 0.3 to 
about 0.65, y ranges from about 0 to about 0.4, Il ranges from 
about 0 (or 0.001 if not zero) to about 0.15, and where A is 
Mg, Sr, Ba, Cd, Zn, AI, Ga, B, Zr, Ti, Ca, Ce, Y, Nb, Cr, Fe, V, 
Li or combinations thereof. In some embodiments, the sum 
x+a+~+y of the positive electrode active material approxi
mately equals 1.0. A, which is in small amounts, can be 
considered a dopant element. A person of ordinary skill in the 
art will recognize that additional ranges of parameter values 
within the explicit ranges above are contemplated and are 
within the present disclosure. Coatings for these materials are 
described further below. 
[0071] With respect to some embodiments of materials 
described herein, Thackery and coworkers have proposed a 
composite crystal structure for some lithium rich metal oxide 
compositions in which a Li2M'03 composition is structurally 
integrated into a layered structure with a LiM02 component. 
The electrode materials can be represented in two component 
notation as b Li2M'03.(I-b) LiM02, where M is one or more 
metal elements with an average valance of +3 and with at least 
one element being Mn or Ni and M' is a metal element with an 
average valance of +4 and O<b<l, and in some embodiments 
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0.03~b~0.9. For example, M can be a combination ofNi+2, 
Co+3 and Mn+4. The overall formula for these compositions 
can be written as Li1+b /(2+b)M'2b/(2+b)M2 (1_b)/(2+b)02' This 
formula is consistent with the sum x+a+~+y+1\ equal to 1 in 
the formula of the previous paragraph where x=b/(2+b). Bat
teries formed from these materials have been observed to 
cycle at higher voltages and with higher capacities relative to 
batteries formed with corresponding LiM02 compositions. 
These materials are described generally in u.s. Pat. No. 
6,680,143 to Thackery et aI., entitled Lithium Metal Oxide 
Electrodes for Lithium Cells and Batteries," and u.s. Pat. No. 
6,677,082 to Thackery et aI., entitled "Lithium Metal Oxide 
Electrodes for Lithium Cells and Batteries," both of which are 
incorporated herein by reference. Thackery identified Mn, Ti 
and Zr as being of particular interest as M' and Mn and Ni for 
M. 
[0072] 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.sL_x02 and Li1+ 
x[Mllo.333Nio.333 COO.333]1_x02' The article also describes the 
structural complexity of the layered materials. 
[0073] Recently, Kang and coworkers described a compo
sition for use in secondary batteries with the formula Li1+ 
xNiaMnflCoyM',,o2_zFz, M'=Mg, Zn, AI, Ga, B, Zr, Ti, X 
between about 0 and 0.3, a between about 0.2 and 0.6, ~ 
between about 0.2 and 0.6, y between about 0 and 0.3, 1\ 
between about 0 and 0.15 and z between about 0 and 0.2. The 
metal ranges and fluorine were proposed as improving battery 
capacity and stability of the resulting layered structure during 
electrochemical cycling. See u.s. Pat. No. 7,205,072, to 
Kang et al. (the '072 patent), entitled "Layered cathode mate
rials for lithium ion rechargeable batteries," incorporated 
herein by reference. This reference reported a cathode mate
rial with a capacity below 250 mAh/ g (milli -ampere hours per 
gram) at room temperature after 10 cycles, which is at an 
unspecified rate that can be assumed to be low to increase the 
performance value. Kang et al. examined various specific 
compositions including Li1.2Nio.lsMno.ss COO.lO0 2, which is 
similar to the composition examined in the examples below. 
[0074] The results obtained in the '072 patent involved a 
solid state synthesis of the materials that did not achieve 
comparable cycling capacity of the batteries formed with 
cathode active materials formed with co-precipitation meth
ods. The improved performance of the materials formed by 
co-precipitation is described further in the '814 application 
and '735 application noted above. The co-precipitation pro
cess for the doped materials described herein is described 
further below. 
[0075] The performance of the positive electrode active 
materials is influenced by many factors. It has been found that 
a thin metal fluoride coating or other inorganic coating can 
notably improve many significant performance parameters. 
Also, the mean particle size and the particle size distribution 
are two of the basic properties characterizing the positive 
electrode active materials, and these properties influence the 
rate capabilities and tap densities of the materials. Because 
batteries have fixed volumes, it is therefore desirable that the 
material used in the positive electrode of these batteries has a 
high tap density if the specific capacity of the material can be 
maintained at a desirably high value. Then, the total capacity 
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of the battery can be higher due to the presence of more 
chargeable material in the positive electrode. The coatings 
can be added while still obtaining good tap densities using the 
processes to form the materials described herein. In general, 
tap densities can be obtained of at least about 1.3 grams/ 
milliliter (g/mL), in further embodiments at least about 1.6 
g/mL and in some embodiments at least about 2.0 glmL, 
where the tap density can be obtained using commercial 
tapping apparatuses using reasonable tapping parameters. A 
person of ordinary skill in the art will recognize that addi
tional ranges of tap density within the specific ranges above 
are contemplated and are within the present disclosure. 

Synthesis Methods 

[0076] Synthesis approaches described herein can be used 
to form lithium rich cathode active materials with improved 
specific capacity upon cycling and a high tap density. The 
synthesis methods have been adapted for the synthesis of 
compositions with the formula Lil+~iaMnflCOyA,,02' where 
x ranges from about 0.01 to about 0.3, a ranges from about 0.1 
to about 0.4, ~ ranges from about 0.3 to about 0.65, y ranges 
from about 0 to about 0.4,1\ ranges from about 0 to about 0.1, 
and where A is Mg, Sr, Ba, Cd, Zn, AI, Ga, B, Zr, Ti, Ca, Ce, 
Y, Nb, Cr, Fe, V, Li or combinations thereof. In some embodi
ments, the sum x+a+~+y+1\ of the positive electrode active 
material approximately equals 1.0, and for these embodi
ments, a layered crystalline structure can form as described 
above. The synthesis approaches are also suitable for com
mercial scale up. Specifically, co-precipitation process can be 
used to synthesize the desired lithium rich positive electrode 
materials with desirable results. Additionally, a solution 
assisted precipitation method discussed in detail below can be 
used to coat the material with metal fluoride. 
[0077] 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 3M. The relative molar quantities of 
metal salts can be selected based on the desired formula for 
the product materials. Similarly, the dopant elements can be 
introduced along with the other metal salts at the appropriate 
molar quantity such that the dopant is incorporated into the 
precipitated material. The pH of the solution can then be 
adjusted, such as with the addition ofNa2 C03 and/or ammo
nium hydroxide, to precipitate a metal hydroxide or carbonate 
with the desired amounts of metal elements. Generally, the 
pH can be adjusted to a value between about 6.0 to about 9.0. 
The solution can be heated and stirred to facilitate the pre
cipitation of the hydroxide or carbonate. The precipitated 
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 additional ranges 
of process parameters within the explicit ranges above are 
contemplated and are within the present disclosure. 
[0078] 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. Generally, the heat treatment can be performed in an 
oven, furnace or the like. The heat treatment can be performed 
in an inert atmosphere or an atmosphere with oxygen present. 
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In some embodiments, the material can be heated to a tem
perature of at least about 3500 C. and in some embodiments 
from about 4000 C. to about 8000 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 embodi
ments 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 6500 c., and in some embodi
ments from about 7000 C. to about 12000 c., and in further 
embodiments from about 7000 C. to about 11000 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. 
[0079] 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, Li2 C03, 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. 
[0080] 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. 

Coatings and Methods for Forming the Coatings 

[0081] Inert inorganic coatings, such as metal fluoride coat
ings, have been found to significantly improve the perfor
mance of the lithium rich layered positive electrode active 
materials described herein. However, there are tradeoffs with 
respect to the resulting battery properties as a function of the 
coating thickness. As described herein the effects of the coat
ing on battery performance is evaluated for a matrix of sig
nificant battery performance parameters. The evaluation of 
performance with the coating thickness yields relatively com
plex relationships. It has been surprisingly found that overall 
the best performance improvements results from thin coat
ings, no more than about 8 um thick. The improvement in 
battery properties is described in detail in the following sec
tion. 
[0082] The coating can provide improvements in the per
formance of the high capacity lithium rich compositions 
described herein in lithium ion secondary batteries. In gen
eral, a selected metal fluoride or metalloid fluoride can be 
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used for the coating. Similarly, a fluoride coating with a 
combination of metal and/or metalloid elements can be used. 
Metal/metalloid fluoride coatings have been proposed to sta
bilize the performance of positive electrode active materials 
for lithium secondary batteries. Suitable metals and metalloid 
elements for the fluoride coatings include, for example, AI, 
Bi, Ga, Ge, In, Mg, Pb, Si, Sn, Ti, TI, Zn, Zr and combinations 
thereof. Aluminum fluoride can be a desirable coating mate
rial since it has a reasonable cost and is considered environ
mentally benign. The metal fluoride coating are described 
generally in published PCT application WO 2006/109930A 
to Sun et aI., entitled "Cathode Active Materials Coated with 
Fluorine Compound for Lithium Secondary Batteries and 
Method for Preparing the Same," incorporated herein by ref
erence. This published patent application provides results for 
LiCo02 coated with LiF, ZnF2 or AIF3. The Sun PCT appli
cation referenced above specifically refers to the following 
fluoride compositions, CsF, KF, LiF, NaF, RbF, TiF, AgF, 
AgF2' BaF2, CaF2, CuF2, CdF2, FeF2, HgF2' Hg2F2, MnF2, 
MgF2' NiF2' PbF2, SnF2, SrF2, XeF2, ZnF2,AIF3, BF3, BiF3' 
CeF3, CrF3, DyF3, EuF3, GaF3' GdF3, FeF3, HoF3, InF3, 
LaF3, LuF3, MnF3, NdF3, VOF3, PrF3, SbF3, ScF3, SmF3, 
TbF3, TiF3' TmF3' YF3, YbF3, TIF3, CeF 4' GeF 4' HfF 4' SiF4 , 

SnF 4' TiF 4' VF 4' ZrF 4' NbF 5' SbP 5' TaP 5' BiF 5' MoF 6' ReF 6' 

SF 6' and WF 6' 

[0083] The effect of an AIF 3 coating on the cycling perfor
mance of LiNi1l3 C01l3Mn1l30 2 is described further in an 
article to Sun et aI., "AIF3-Coating to Improve High Voltage 
Cycling Performance of Li[Ni1l3 C01l3Mn1l3]02 Cathode 
Materials for Lithium Secondary Batteries," J. of the Electro
chemical Society, 154 (3), AI68-AI72 (2007). Also, the 
effect of an AIF 3 coating on the cycling performance of 
LiNio.8 COO. l MnO. l O2 is described further in an article to Woo 
et aI., "Significant Improvement of Electrochemical Perfor
mance of AIF3-Coated Li[Nio.8 Coo.l Mllo. l ]02 Cathode 
Materials," J. of the Electrochemical Society, 154 (11) 
AlO05-AlO09 (2007), incorporated herein by reference. An 
increase in capacity and a reduction in irreversible capacity 
loss were noted with AI20 3 coatings by Wu et aI., "High 
Capacity, Surface-Modified Layered Li[Li(1_x)/3MnC2_x)/ 
3Nix/3 Cox /3 ]02 Cathodes with Low Irreversible Capacity 
Loss," Electrochemical and Solid State Letters, 9 (5) A221-
A224 (2006), incorporated herein by reference. Improved 
metal oxide coatings are described in copending U.S. provi
sional patent application Ser. No. 611253,286 to Venkatacha
lam et aI., entitled "Metal Oxide Coated Positive Electrode 
Materials for Lithium Ion Batteries," incorporated herein by 
reference. The use of a LiNiP04 coating to obtain improved 
cycling performance is described in an article to Kang et al. 
"Enhancing the rate capability of high capacity xLi2Mn03 
(I-x)LiM02 (M=Mn, Ni, Co) electrodes by Li-Ni-P04 

treatment," Electrochemistry Communications 11, 748-751 
(2009), incorporated herein by reference. 

[0084] It has been found that metal/metalloid fluoride coat
ings can significantly improve the performance of lithium 
rich layered compositions for lithium ion secondary batteries. 
See, for example, the '814 application and the '735 applica
tion cited above. In particular, the coating can improve the 
capacity of the batteries. However, the coating itself is not 
electrochemically active. When the loss of specific capacity 
due to the amount of coating added to a sample exceeds where 
the benefit of adding coating is offset by its electrochemical 
inactivity, reduction in battery capacity can be expected. In 
general, the amount of coating can be selected to balance the 
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beneficial stabilization resulting from the coating with the 
loss of specific capacity due to the weight of the coating 
material that generally does not contribute directly to a high 
specific capacity of the material. 

[0085] However, the battery properties as a function of 
coating thickness have been found to be complex. In particu
lar, the coatings also influence other properties of the active 
material, such as the average voltage, irreversible capacity 
loss, coulombic efficiency and impedance. The selection of a 
desired coating thickness can be based on an evaluation of the 
overall range of battery properties that are observed for par
ticular coating thicknesses. In general, the coating can have a 
thickness from about 0.05 nm to about 50 nm. However, as 
described further below, it has been surprisingly found that 
thinner coatings can provide the best overall performance 
parameters for secondary lithium ion batteries that are cycled 
extensively. In some embodiments of particular interest, the 
coatings have an average thickness form about 0.5 nm to 
about 12 nm, in other embodiments from about 1 nm to about 
10 nm, in further embodiments from 1.25 nm to about 9 nm 
and in additional embodiments from about 1.5 nm to about 8 
nm. A person of ordinary skill in the art will recognize that 
additional ranges of coating material within the explicit 
ranges above are contemplated and are within the present 
disclosure. The amount of AIF 3 effective inA1F 3 coated metal 
oxide materials to improve the capacity of the uncoated mate
rial is related to the particle size and surface area of the 
uncoated material. In general, the amount of coating material 
ranges from about 0.01 mole percent to about 10 mole per
cent, in further embodiments from about 0.05 mole percent to 
about 7 mole percent, in additional embodiments from about 
0.1 mole percent to about 5 mole percent, and in other 
embodiments from about 0.2 mole percent to about 4 mole 
percent relative to the total metal content of the particles. A 
person of ordinary skill in the art will recognize that addi
tional ranges of coating material within the explicit ranges 
above are contemplated and are within the present disclosure. 

[0086] The fluoride coating can be deposited using a solu
tion based precipitation approach. A powder of the positive 
electrode material can be mixed in a suitable solvent, such as 
an aqueous solvent. A soluble composition of the desired 
metal/metalloid can be dissolved in the solvent. Then, NH4F 
can be gradually added to the dispersion/solution to precipi
tate the metal fluoride. The total amount of coating reactants 
can be selected to form the desired amount of coating, and the 
ratio of coating reactants can be based on the stoichiometry of 
the coating material. In particular, the desired thickness of 
coating can be farmed through the addition of an appropriate 
amount of coating reactants. The selection of the amount of 
coating material can be verified through an examination of the 
product particles using electron microscopy as described 
below in the Examples. The coating mixture can be heated 
during the coating process to reasonable temperatures, such 
as in the range from about 60° C. to about 100° C. for aqueous 
solutions for from about 20 minutes to about 48 hours, to 
facilitate the coating process. After removing the coated elec
troactive material from the solution, the material can be dried 
and heated to temperatures generally from about 250° C. to 
about 600° C. for about 20 minutes to about 48 hours to 
complete the formation of the coated material. The heating 
can be performed under a nitrogen atmosphere or other sub
stantially oxygen free atmosphere. Specific procedures for 
the formation of AIF 3' MgF 2' CaF 2' SrF 2 and BaF 2 coatings 
are described in the examples below. The formation of inert 
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metal oxide coatings, such as A12 0 2 , and Li-Ni-P04 coat
ings are described in the articles cited above. 

Battery Performance 

[0087] Batteries formed from the coated positive electrode 
active materials described herein have demonstrated superior 
performance under realistic discharge conditions for moder
ate current applications. Specifically, the active materials 
have demonstrated a high specific capacity upon cycling of 
the batteries at moderate discharge rates. Furthermore, some 
coated positive electrode active materials have demonstrated 
improved cycling out to a large number of cycles. It has 
surprisingly been found that a thinner coating provides an 
overall more desirable performance profile than batteries 
formed with positive electrode active materials with a thicker 
coating. In particular, thinner coatings have improved cycling 
and a greater average discharge voltage. While active mate
rials with thinner coatings result in batteries with less of a 
decrease in irreversible capacity loss, the thin coatings can be 
used to form batteries with some decrease in irreversible 
capacity loss, and the other improved properties of the bat
teries formed with the materials with the thinner coatings are 
more significant than the differences with respect to the irre
versible capacity loss. Thus, coatings having an average 
thickness from about 0.5 to about 8 nm have been found in 
particular to provide the desired balance to obtain excellent 
performance characteristics. 
[0088] As noted above, the irreversible capacity loss is the 
difference between the first charge specific capacity and the 
first discharge specific capacity. With respect to the values 
described herein, the irreversible capacity loss is in the con
text of the positive electrode active materials, which is evalu
ated relative to a lithium metal negative electrode. It is desir
able to reduce the irreversible capacity loss so that additional 
negative electrode active material is not needed to balance the 
positive electrode active material that ultimately does not 
cycle. In some embodiments, the irreversible capacity loss is 
no more than about 60 mAhig, in further embodiments no 
more than about 55 mAh/g, and in other embodiments from 
about 30 mAh/g to about 50 mAh/g. With respect to balancing 
of various battery parameters, the irreversible capacity loss 
can be between about 40 mAh/g to about 60 mAh/g. Simi
larly, in some embodiments, the irreversible capacity loss is 
not more than about 19% and in further embodiments no more 
than about 18% of the first cycle specific charge capacity. A 
person of ordinary skill in the art will recognize that addi
tional ranges of irreversible capacity loss are contemplated 
and are within the present disclosure. 
[0089] Average voltage may be an important parameter for 
batteries for certain applications. The average voltage can 
relate to the available capacity above a certain voltage. There
fore, in addition to having a high specific capacity it is desir
able for a positive electrode active material to also cycle with 
a high average voltage. For the materials described herein that 
are cycled between 4.6V and 2.0\1, an average voltage can be 
at least about 3.475\1, in further embodiments at least about 
3.5\1, in additional embodiments at least about 3.525V and in 
other embodiments from about 3.55V to about 3.65Y. A per
son of ordinary skill in the art will recognize that additional 
ranges of average voltage within the explicit ranges above are 
contemplates and are within the present disclosure. 
[0090] In general, various similar testing procedures can be 
used to evaluate the capacity performance of the battery posi
tive electrode materials. Some specific testing procedures are 
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described for the evaluation of the perfonnance values 
described herein. Suitable testing procedures are described in 
more detail in the examples below. Specifically, the battery 
can be cycled between 4.6 volts and 2.0 volts at room tem
perature, although other ranges can be used with correspond
ingly different results. Also, the specific capacity is very 
dependent on the discharge rate. Again, the notation C/x 
implies that the battery is discharged at a rate to fully dis
charge the battery to the selected voltage minimum in x hours. 
[0091] In some embodiments, the positive electrode active 
material has a specific capacity during the tenth cycle at a 
discharge rate ofC/3 of at least about 245 milliamp hours per 
gram (mAh/g), in additional embodiments at least about 250 
mAh/ g, and in further embodiments from about 255 mAh/ g to 
about 265 mAh/g. Additionally, the 40th cycle discharge 
capacity of the material is at least about 94%, and in further 
embodiments at least about 95% of the 7th cycle discharge 
capacity, cycled at a discharge rate ofC/3. The maintenance 
of the specific capacity at 40 cycles relative to the specific 
capacity at the 7th cycle can also be referred to as the cou
lombic efficiency, as described further in the examples. Also, 
the coated materials can exhibit surprisingly good rate capa
bility. Specifically, the materials can have a specific discharge 
of at least about 190 mAhig, in further embodiments at least 
about 195 mAh/g and in additional embodiments at least 
about 200 mAh/g at a rate of 2 C discharged from 4.6V to 
2.0V at room temperature at the 15th charge/discharge cycle. 
A person of ordinary skill in the art will recognize that addi
tiona� ranges of specific capacity are contemplated and are 
within the present disclosure. 
[0092] In general, the results herein suggest a balance of 
factors that result in particularly desirable battery perfor
mance for a thin coating over the active material for the 
positive electrode. The results in the example suggest that 
thicker coatings may result in a greater impedance that may 
contribute to the capacity and voltage perfonnances 
observed. With an appropriate thin coating, excellent specific 
capacities, coulombic efficiency and average voltages can be 
obtained. 

EXAMPLES 

[0093] The Examples include data obtained using coin cells 
as well as additional data with cylindrical cells. The fonnation 
of the coin cells with a lithium foil negative electrode is 
summarized in this introduction, and the fonnation of the coin 
cells with carbon based electrodes is described in Example 5 
below. The coin cell batteries tested in Examples 1, 3 and 4 
were produced following a procedure outlined here. The 
lithium metal oxide (LMO) powders were mixed thoroughly 
with acetylene black (Super pTM from Timcal, Ltd, Switzer
land) and graphite (KS 6™ from Timcal, Ltd) to form a 
homogeneous powder mixture. Separately, Polyvinylidene 
fluoride PVDF (KF1300™ from Kureha Corp., Japan) was 
mixed with N-methyl-pyrrolidone NMP (Honeywell
Riedel-de-Haen) and stirred overnight to fonn a PVD F -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 fonn a thin wet film. 
[0094] A positive electrode material was formed by drying 
the aluminum foil current collector with the thin wet film in 
vacuum oven at 110° 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 
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thickness. An example of a positive electrode composition 
developed using above process having a LMO:acetylene 
black:graphite:PVDF ratio of80:5:5:10 is presented below. 
[0095] 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 150 micron 
was used as a negative electrode. The electrolyte was aIM 
solution ofLiPF 6 fonned by dissolving LiPF 6 salt in a mixture 
of ethylene carbonate, diethyl carbonate and dimethyl car
bonate (from Ferro Corp., Ohio USA) at a 1: 1: 1 volumetric 
ratio.A trilayer (polypropylene/polyethylene/polypropylene) 
micro-porous separator (2320 from Celgard, LLC, NC, USA) 
soaked with electrolyte was placed between the positive elec
trode and the negative electrode. A few additional drops of 
electrolyte were added between the electrodes. The elec
trodes were then sealed inside a 2032 coin cell hardware 
(Hohsen Corp., Japan) using a crimping process to fonn a 
coin cell battery. The resulting coin cell batteries were tested 
with a Maccor cycle tester to obtain charge-discharge curve 
and cycling stability over a number of cycles. All the electro
chemical data contained herein have been cycling at three 
rates, 0.1 C(C/IO) for the first three cycles, 0.2 C(C/5) for 
cycles 4-6 or 0.33 C(C/3) for cycles 7 and on. 

Example 1 

Reaction of Metal Sulfate with Na2 C03/NH4 0H for 
Carbonate Co-Precipitation 

[0096] This example demonstrates the fonnation of a 
desired cathode active material using a carbonate co-precipi
tation process. Stoichiometric amounts of metal sulfates 
(NiS04 .xH20, CoS04 .xH20, & MnS04 .xH20) were dis
solved in distilled water to form a metal sulfate aqueous 
solution. Separately, an aqueous solution containing Na2 C03 

and NH4 0H was prepared. For the fonnation of the samples, 
the two solutions were gradually added to a reaction vessel to 
form metal carbonate precipitates. The reaction mixture was 
stirred, and the temperature of the reaction mixture was kept 
at a temperature between room temperature and 80° C. for 
2-24 hours. The pH of the reaction mixture was in the range 
from 6-9. In general, the aqueous metal sulfate solution had a 
concentration from 1M to 3M, and the aqueous Na2 C03 / 

NH4 0H solution had a Na2 C03 concentration of 1M to 4M 
and a NH4 0H concentration ofO.2-2M. The metal carbonate 
precipitate was filtered, washed multiple times with distilled 
water, and dried at 110° C. for about 16 hrs to form a metal 
carbonate powder. Specific ranges of reaction conditions for 
the preparation of the samples are further outlined in Table 1. 

TABLE 1 

Reaction Process Condition 

Reaction pH 
Reaction time 
Reactor type 
Reactor agitation speed 
Reaction temperature 
Concentration of the metal salts 
Concentration ofNa2C03 (precipitating agent) 
Concentration ofNH40H (chelating agent) 
Flow rate of the metal salts 
Flow rate ofNa2C03 & NH40H 

Values 

6.0-9.0 
2-24 hr 
Batch 
200-1400 rpm 
RT - 80 C C. 
I-3M 
1-4M 
0.2-2M 
1-100 mLimin 
1-100 mLimin 

[0097] An appropriate amount of Li2 C03 powder was 
combined with the dried metal carbonate powder and thor-
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oughly mixed by a Jar Mill, double planetary mixer, or dry 
powder rotary mixer to form a homogenous powder mixture. 
A portion, e.g. 5 grams, of the homogenized powders is 
calcined followed by an additional mixing step to further 
homogenize the powder formed. The further homogenized 
powder was again calcined to form the lithium composite 
oxide. The product composition was determined to be Lil. 
2Nio.175 COo.lOMllo.52502' Specific ranges of calcination con
ditions are further outlined in Table 2. 

TABLE 2 

Calcination Process Condition Values 

I"Step temperature 400-800° C. 
time 1-24hr 
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 

[0098] Scanning electron microscope (SEM) micrograms 
at different magnifications of the lithium composite oxides 
are shown in FIG. 2a and FIG. 2b, indicating the particles 
formed have a substantially spherical shape and are relatively 
homogenous in size. The x-ray diffraction pattern of the pris
tine composite powder is shown in FIG. 3, showing charac
teristics of a rock-salt type structure. 
[0099] The composite was used to form a coin cell battery 
following the procedure outlined above. The coin cell battery 
was tested and the plot of voltage versus specific capacity at 
discharge rate of 0.1 C for the first cycle and 0.33 C for the 7th 
cycle are shown in FIG. 4(a) & (b), respectively. The first 
cycle specific capacity of the battery at 0.1 C discharge rate is 
about 245 mAh/g. The 7th cycle specific capacity of the 
battery at 0.33 C discharge rate is about 220 mAh/g. Specific 
capacity versus cycle life of the coin cell battery is also tested 
and the results are shown in FIG. 5. The first three cycles were 
measured at a discharge rate of 0.1 C. The next three cycles 
were measured at a rate of 0.2 C. The subsequent cycles were 
measured at a rate of 0.33 C. The battery maintained more 
than 90% specific capacity relative to cycle 7 after going 
through 40 charge and discharge cycles. 

Example 2 

Formation of AIF 3 Coated Metal Oxide Materials 

[0100] The metal oxide particles prepared in the above 
example were coated with a thin layer of aluminum fluoride 
(AIF 3) using a solution-based method. For a selected amount 
of aluminum fluoride coating, an appropriate amount of satu
rated solution of aluminum nitrate was prepared in an aque
ous solvent. The metal oxide particles were then added into 
the aluminum nitrate solution to form a mixture. The mixture 
was mixed vigorously for a period of time to homogenize. 
The length of mixing depends on the volume of the mixture. 
After homogenization, a stoichiometric amount of ammo
nium fluoride was added to the homogenized mixture to form 
aluminum fluoride precipitate while retaining the source of 
fluorine. Upon the completion of the precipitation, the mix
ture was stirred at 80° C. for 5 h. The mixture was then filtered 
and the solid obtained was washed repeatedly to remove any 
un-reacted materials. The solid was calcined in nitrogen 
atmosphere at 400° C. for 5 h to form the AIF 3 coated metal 
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oxide material. SEM micrograms at different magnifications 
of representative AIF 3 coated lithium composite oxide are 
shown in FIG. 2c and FIG. 2d, indicating the particles formed 
have a substantially spherical shape and are relatively homog
enous III sIze. 
[0101] Samples of lithium metal oxide (LMO) particles 
synthesized as described in example 1 were coated with vari-
0us selected amounts of aluminum fluoride using the process 
described in this example. Transmission electron microscopy 
was used to assess the thickness of the resulting AIF 3 coat
ings. For instance, FIG. 6a shows a transmission electron 
micrograph (TEM) of an uncoated lithium composite oxide 
particle, FIG. 6b shows a TEM micrograph of a LMO particle 
with an approximately 7 tun thick AlF3 coating, and FIG. 6c 
shows a TEM micrograph of a LMO particle with an approxi
mately 25 umAlF 3 coating. The coatings were approximately 
constant thickness over the particle surfaces. The x-ray dif
fraction pattern of the aluminum fluoride coated LMO 
samples with coating thickness oB llill, 6 llill, 11 llill, 22 llill, 
and 40 llill are shown in FIG. 3 along with the diffractogram 
for the pristine, i.e., uncoated, sample. All of the x-ray dif
fractograms exhibit characteristics of a rock-salt type struc
ture as the uncoated LMO sample. The aluminum fluoride 
coated LMOs were then used to form coin cell batteries 
following the procedure outlined above. The coin cell batter
ies were tested as described in the following Example. 
[0102] The stability of the cathode active materials was 
studied using differential scanning calorimetry (DSC). The 
DSC results are shown in FIG. 7 for uncoated LMO particles 
and particles with 4 different coating thicknesses. Peaks in the 
heat flow as a function of temperature indicate a phase tran
sition or similar change of the material. From FIG. 4, it can be 
seen that all of the coating thicknesses stabilize the material 
relative to the low temperature active phase, although greater 
coating thicknesses further increased the stability. Therefore, 
it is expected that batteries formed with the materials should 
exhibit greater temperature stability at higher temperatures if 
coated LMO materials are used in the positive electrodes. 

Example 3 

Battery Performance for AlF3 Coated Samples 

[0103] This example demonstrates how the battery perfor
mance varied with respect to coating thickness for a range of 
AIF 3 coating thicknesses and for various battery performance 
parameters. 
[0104] The impedance of the positive electrodes was exam
ined using electrochemical impedance spectroscopy (EIS). 
This data provides information on the interfacial characteris
tics of the coated materials. The electrode is perturbed with a 
current in the form of a sinusoidal wave. A plot of the EIS 
results is presented in FI G. 8. These results show that a greater 
charge transfer resistance results form thicker AIF 3 coatings. 
[0105] Coin cell batteries were formed from the materials 
synthesized as described in Example 2 using the process and 
coin cell structure described above. The cells were cycled to 
evaluate their performance. The first three cycles were mea
sured at a charge/discharge rate of 0.1 C. The next three cycles 
were measured at a charge/discharge rate of 0.2 C. The sub
sequent cycles were measured at a charge/discharge rate of 
0.33 C. 
[0106] Plots of voltage versus specific capacity of the coin 
cell battery formed from 3 llill aluminum fluoride coated 
LMO material are shown in FIG. 9(a) for the first cycle at a 
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charge/discharge rate of 0.1 C and FIG. 9(b) for the 7th cycle 
at a charge/discharge rate of 0.33 C. The first cycle specific 
capacity of the battery at 0.1 C discharge rate was about 265 
mAh/g. The first cycle specific capacity of the battery at 0.33 
C discharge rate is about 250 mAh/g. Specific capacity versus 
cycle of the coin cell battery was also tested and the results are 
shown in FI G. 10. The positive electrode active material of the 
battery maintained more than 95% of its specific capacity 
relative to the specific capacity at cycle 7, the first C/3 cycle, 
after going through 40 charge and discharge cycles. 
[0107] Plots of voltage versus specific capacity of the coin 
cell battery formed from 22 nm aluminum fluoride coated 
LMO material and 0.33 are shown in FIG. l1(a) for the 1st 
cycle at discharge rate of 0.1 C and FIG. l1(b) for the 7th 
cycle at a discharge rate ofC/3. The first cycle specific capac
ity of the battery at 0.1 C discharge rate was about 260 mAh/g. 
The 7th cycle specific capacity of the battery at 0.33 C dis
charge rate was about 235 mAh/g. Specific capacity versus 
cycle of the coin cell battery was also tested and the results are 
shown in FIG. 12. The battery maintained approximately 
98% specific capacity after going through 40 charge and 
discharge cycles relative to the 7th cycle specific capacity. 
[0108] Specific capacity versus cycle of the coin cell bat
teries formed from uncoated, 3 nm, 6 nm, 11 nm, 22 nm, and 
40 nm aluminum fluoride coated LMO materials were tested 
and the results are shown in FIG. 13. Batteries with the coated 
LMO materials showed a complex relationship between spe
cific capacity performance as a function of the coating thick
ness. Batteries with LMO materials having a 6 nm aluminum 
fluoride coating had the highest specific capacity at low cycle 
number, while batteries with LMO materials having a 4 nm 
aluminum fluoride coating had the highest capacity at 40 
cycles. Battery with LMO materials having 40 nm coating 
had the lowest specific capacity, which was lower than the 
battery with the uncoated material, but this battery exhibited 
a slight increase in capacity with cycling. 
[0109] The first cycle irreversible capacity loss (IRCL) of 
the batteries having uncoated, 3 nm, 6 nm, 11 nm, 22 nm, and 
40 nm aluminum fluoride coated LMO materials were mea
sured. A plot of the results in percentage of overall capacity 
versus coating thickness is shown in FIG. 14a, and a plot of 
the results in specific capacity change as a function of coating 
thickness is shown in FIG. 14b. The IRCL results showed a 
steady decrease of the IRCL for batteries with coating thick
nesses to about 10 nm, and the IRCL roughly leveled off with 
for batteries having 11 nm, 22 nm, and 40 nm aluminum 
fluoride coated LMO materials. 
[0110] The average voltages of the batteries were measured 
for batteries having positive electrodes with uncoated, 3 nm, 
6 nm, 11 nm, 22 nm, and 40 nm aluminum fluoride coated 
LMO materials. The average voltage was taken over a dis
charge from 4.6V to 2.0y' A plot of average voltage as a 
function of coating thickness is shown in FIG. ISa, and a plot 
of percentage of voltage reduction relative to the uncoated 
material performance versus coating thickness is shown in 
FIG. ISb. The average voltage generally showed a decrease 
versus increased aluminum fluoride coating thickness on the 
LMO materials, although the decrease in average voltage was 
small for coatings of 6 nm or less. 
[0111] Additionally, the coulombic efficiency of the batter
ies having uncoated, 3 nm, 6 nm, 11 nm, 22 nm, and 40 nm 
aluminum fluoride coated LMO materials were measured. As 
used here, the coulombic efficiency is evaluated as the spe
cific capacity at cycle 40 as a percentage of the specific 
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capacity at cycle 7, the first cycle at a rate of C/3. In other 
words, the coulombic efficiency is 100x(specific capacity at 
cycle 40)/(specific capacity at cycle 7). A plot of the coulom
bic efficiency as a function of coating thickness is shown in 
FIG. 16. The coulombic efficiency increased by about 2% 
when coating thickness is increased from zero to 3 nm. The 
coulombic efficiency then decreased significantly when coat
ing thickness is increased from 3 nm to 6 nm and 11 nm. The 
coulombic efficiency increased dramatically for batteries 
formed with positive electrode active materials when the 
coating thickness was 22 nm and 40 nm. 

Example 4 

Materials with Metal Bifluoride Coatings and Corre
sponding Batteries 

[0112] This example described the formation of coating of 
MgF 2' CaF 2' BaF 2 and SrF 2 on the lithium rich metal oxides, 
and corresponding coil cell data is presented indicating the 
improved performance for the coated materials. 

[0113] Samples of lithium metal oxide (LMO) particles 
synthesized as described in Example 1 were coated with 1-4 
nm ofMgF2' CaF2, BaF2 and SrF2. A stoichiometric amount 
of the selected metal nitrate, such as magnesium nitrate, was 
dissolved in water and mixed with the corresponding amount 
of the lithium metal oxide under constant stirring. Then, 
ammonium fluoride was added to the mixture slowly while 
continuing the stirring. After the addition of an excess of 
ammonium fluoride, the mixture was heated to about 80° C. 
for about 5 hours. After the deposition was completed, the 
mixture was filters and calcined at 450° C. for 5 hours under 
a nitrogen atmosphere. The x-ray diffraction pattern of the 
metal bifluoride coated LMO samples in FIG. 17 along with 
the diffractogram for the corresponding pristine, i.e., 
uncoated, sample. All of the x-ray diffractograms exhibit 
characteristics of a rock-salt type structure as the uncoated 
LMO sample. Transmission electron micrographs are shown 
in FIGS. 18A and 18B for MgF 2 (A) coated samples and SrF 2 
(B) coated samples. 

[0114] The metal bifluoride coated LMOs were used to 
form coin cell batteries following the procedure outlined 
above. A plot of the voltage from 4.6V to 2.0V versus specific 
charge and discharge capacity is shown in FIG. 19 for the first 
cycle for the uncoated material at a rate of CIl O. This batch of 
LMO material had a slightly greater specific capacity com
pared with the uncoated material used to obtain FIG. 4a. 
Corresponding plots of voltage versus specific charge and 
discharge capacities are presented in FIGS. 20-23 for MgF 2' 
SrF 2' BaF 2 and CaF 2' respectively, at a rate of C/IO. These 
four first cycle plots for batteries with positive electroactive 
materials having different metal bifluoride coatings exhibited 
similar first cycle performance with the materials having an 
MgF 2 coating exhibiting a somewhat higher discharge spe
cific capacity. These cells were cycled for 16 cycles with a 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 and 2 C for cycles 12-16. 
The cycling results are presented in FIG. 24. All of the bat
teries prepared with coated samples exhibited significantly 
greater discharge specific capacity at all rates relative to a 
battery formed with the uncoated composition. The batteries 
formed with materials having a coating of SrF2, BaF2 and 
CaF 2 exhibited similar performance while the battery formed 
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with the positive electroactive material coated with MgF 2 
exhibited somewhat greater specific discharge capacity at all 
rates. 

Example S 

Coin Cells Formed With AIF 3 Coated Compositions 

[0115] The Example explores the battery performance for 
coin cell batteries using graphite as the negative electrode 
active materials. 
[0116] Lithium metal oxide (LMO) powders produced as 
described in Example 1 were mixed thoroughly with conduc
tive carbons, such as a mixture acetylene black and graphite, 
to form a homogeneous powder mixture comprising from 
10-20 weight percent conductive carbon. Separately, polyvi
nylidene fluoride (PVDF) was mixed with N-methyl-pyrroli
done (NMP) and stirred overnight to form a PVDF-NMP 
solution. The homogeneous powder mixture was then added 
to the PVDF-NMP solution and mixed for 2-6 hours to form 
homogeneous slurry. The slurry was applied onto an alumi
num foil current collector to form a thin wet film using a 
commercial coater. 
[0117] A positive electrode structure was formed by drying 
the aluminum foil current collector with the thin wet film 
electrode to remove NMP. The positive electrode and current 
collector were pressed together between rollers of a sheet mill 
to obtain a positive electrode with desired thickness in asso
ciation with the foil current collector. 
[0118] A blend of graphite, optional conductive carbon and 
binder was used as the negative electrode to have from about 
80-99 weight percent graphite. The negative electrode com
position was coated onto a copper foil current collector and 
dried. A trilayer (polypropylene/polyethylene/polypropy
lene) micro-porous separator (2320 from Celgard, LLC, NC, 
USA) soaked with electrolyte was placed between the posi
tive electrode and the negative electrode. A few additional 
drops of electrolyte were added between the electrodes. The 
electrode stack with the positive electrode-separator-negative 
electrode was placed within coin cells. The electrolyte was a 
1 M solution of LiPF 6 form by dissolving LiPF 6 salt in a 
mixture of ethylene carbonate, diethyl carbonate and dim
ethyl carbonate (from Ferro Corp., Ohio USA) at a 1:1:1 
volumetric ratio. The electrolyte was placed in the cell with 
the electrode stack and the coin cell was sealed. 
[0119] The resulting batteries were tested with a Maccor 
cycle tester to obtain charge-discharge curve and cycling 
stability over a number of cycles. The first cycle was per
formed at a rate ofC/lO, and cycles 2-S0 were performed at a 
rate of C/3. The results for the uncoated, i.e., pristine, sample 
and samples with S different AIF 3 coating thicknesses are 
plotted in FIG. 25 in terms of specific capacity as a function of 
cycle. The batteries formed with an AIF 3 coating having a 
thickness of 3 nm showed significantly greater specific 
capacities after the first few cycles. 

Example 6 

Alternative Positive Electroactive Composition With 
AIF 3 Coatings and Corresponding Batteries 

[0120] This example demonstrates battery performance 
results with an alternative electro active material for the posi
tive electrode having a selected amount of AIF 3 coating com
position. 
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[0121] The positive electrode active material was synthe
sized as described in Example 1. However, the product com
position used for the positive electrodes of the batteries in this 
example was Lil.07Nio.31 COO.31MnO.3102' Particles of the 
product composition were coated with AIF 3 as described in 
Example 2. Samples were prepared with different amounts of 
AIF 3 coating compositions. Representative transmission 
electron micrographs are given in FIGS. 26A and 26B show
ing average coating thicknesses of about 3 nm (A) and about 
17 nm (B). 
[0122] Coin cell batteries were formed using the process 
and coin cell structure described above. The cells were cycled 
to evaluate their performance. The first two cycles were mea
sured at a charge/discharge rate of 0.1 C. The subsequent 
cycles 3-18 were measured at a charge/discharge rate of 0.33 
C. One set of samples were cycled between 2.0V and 4.3 V 
while a second set of samples were cycled from 2.0V to 4.Sy' 
[0123] The voltage as a function of specific capacity is 
plotted in FIGS. 27 and 28 for an uncoated positive electrode 
active material and a positive electrode active material with 
uncoated active material (FIG. 27) or about 3 nm thickness 
AlF3 coating (FIG. 28) for cycling between 2.0V and 4.3y' 
The battery formed with the coated sample exhibited a greater 
discharge capacity and a corresponding reduction in irrevers
ible capacity loss. Similar results were found with cycling 
between 2.0V and 4.Sy' The plots of voltage as a function of 
specific capacity for cycling between 2.0V and 4.4SV are 
presented in FIGS. 29 and 30, respectively, for positive elec
trode active materials that are uncoated (FIG. 29) or with a 
approximately 3 nmAlF3 coating (FIG. 30).As expected, the 
charge and discharge capacities are greater for the cycling to 
a higher voltage. 
[0124] Specific capacity versus cycle of the coin cell bat
teries formed from uncoated, 3 nm, 8 nm, 17 nm, 22 nm, and 
47 nm aluminum fluoride coated LMO materials were tested 
for cycling between 2.0V and 4.3V as well as 2.0V to 4.Sy' 
The specific discharge capacity as a function of cycle for 
cycling between 2.0V and 4.3V are shown in FIG. 31, and the 
specific discharge capacity as a function of cycle for cycling 
between 2.0V and 4.SV are shown in FIG. 32. Batteries with 
the present coated LMO materials showed a specific capacity 
performance that decreased with increasing coating thick
ness, although some materials with different coating thick
nesses had essentially identical specific capacity results, as 
seen in FIGS. 31 and 32. The material with the thickest 
coating consistently had lower specific capacity than the 
uncoated materials, while the remaining coated materials 
exhibited a greater specific capacity relative to the uncoated 
materials. These results are qualitatively consistent with the 
result in FIGS. 13 and 25 in which thick coating have a lower 
specific capacity than uncoated samples and thin coatings 
achieve the best specific capacity performance upon cycling. 
[0125] 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. 

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

prising an active composition represented by the formula 
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Lil+xMl_x02, where M is a metal element or a combination 
thereof and 0.01 ~x~0.3, coated with an inorganic coating 
composition wherein the coating composition comprises a 
metal/metalloid fluoride. 

2. The positive electrode material of claim 1 wherein the 
coating composition comprises AIF3, MgF2' CaF2, SrF2 or 
BaF2 · 

3. The positive electrode material of claim 1 wherein the 
coating has an average thickness from about 0.5 nanometers 
Cnm) to about 12 nm. 

4. The positive electrode material of claim 1 wherein the 
coating has an average thickness from about 1 nm to about 8 
nm. 

5. The positive electrode material of claim 1 wherein the 
active composition can be approximately represented by a 
formula of bLiM'02.(1-b) Li2M"03' where M' represents 
one or more metal ions having an average valance of +3 and 
M" represents one or more metal ions having an average 
valance of +4 and O<b<l. 

6. The positive electrode material of claim 1 wherein the 
active composition can be approximately represented by a 
formula Li1+xNi,,,MnflCoyA,,02' where x ranges from about 
0.05 to about 0.25, a ranges from about 0.1 to about 0.4, ~ 
ranges from about 0.4 to about 0.65, y ranges from about 0 to 
about 0.3, and Il ranges from about 0 to about 0.1, and where 
A is Mg, Zn, AI, Ga, B, Zr, Ti, Ca, Ce, Y, Nb, Cr, Fe, V, Li or 
combinations thereof. 

7. The positive electrode material of claim 1 wherein the 
active composition can be approximately represented by a 
formula Lil+~i",MnflCoy02' where x ranges from about 0.05 
to about 0.25, a ranges from about 0.1 to about 0.4, ~ ranges 
from about 0.3 to about 0.65, and yranges from about 0.05 to 
about 0.4. 

8. The positive electrode material of claim 1 having a 
specific capacity of at least about 245 mAh/g with a discharge 
rate of C/3 when discharged from 4.6V to 2.0 V at room 
temperature. 

9. A battery comprising the positive electrode material of 
claim 1 and a non-aqueous electrolyte comprising lithium 
Ions. 

10. A lithium ion battery comprising a positive electrode, a 
negative electrode comprising a lithium incorporation com
position, a separator between the positive electrode and the 
negative electrode and an electrolyte comprising lithium ions, 
wherein the positive electrode comprises an active material, 
distinct electrically conductive powders and a polymer 
binder, wherein the positive electrode active material com
prises an active composition coated with an inorganic coating 
composition, and the positive electrode active material hav
ing a discharge specific capacity of at least about 190 mAh/g 
with a discharge rate of2 C from 4.6 volts to 2.0 volts at room 
temperature for the fifteenth charge/discharge cycle. 

11. The lithium ion battery of claim 10 wherein the nega
tive electrode comprises elemental carbon. 

12. The lithium ion battery of claim 10 wherein the inert 
inorganic composition comprises a metal/metalloid fluoride. 

13. The lithium ion battery of claim 12 wherein the coating 
composition has an average thickness from about 0.5 nm to 
about 12 nm. 
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14. The lithium ion battery of claim 10 wherein the inert 
inorganic coating composition comprises a metal/metalloid 
oxide. 

15. The lithium ion battery of claim 10 wherein the active 
composition is approximately represented by the f?rm~la 
Lil+xMl_x02, where M is a metal element or a combmatlOn 
thereof and 0.01 ~x~0.3 

16. The lithium ion battery of claim 10 wherein the active 
composition can be approximately represented by a formula 
Li1+xNi",MnflCoyM",,o2' where x ranges from about 0.05 to 
about 0.25, a ranges from about 0.1 to about 0.4, ~ ranges 
from about 0.4 to about 0.65, y ranges from about 0 to about 
0.3, and Il ranges from about 0 to about 0.1, and where M" is 
Mg, Zn, AI, Ga, B, Zr, Ti, Ca, Ce, Y, Nb, Cr, Fe, V, Li or 
combinations thereof. 

17. The lithium ion battery of claim 10 wherein the irre
versible capacity loss is reduced by at least about 10% relative 
to the irreversible capacity loss of an equivalent battery 
formed with an uncoated positive electrode active material. 

18. The lithium ion battery of claim 10 wherein the active 
composition has a tap density of at least about 1.3 glmL. 

19. A lithinm ion battery comprising a positive electrode, a 
negative electrode comprising a lithium incorporation com
position and a separator between the positive electrode and 
the negative electrode, wherein the positive electrode com
prises an active material having an active composition coated 
with an inorganic composition, distinct electrically conduc
tive powers and a polymer binder, the positive electrode 
active material having a discharge specific capacity of at least 
about 245 mAh/g, an average voltage of at least about 3.55 
volts and a capacity at 40 cycles that is at least about 90% of 
the capacity at 10 cycles with a discharge rate ofC/3 from 4.6 
volts to 2.0 volts at room temperature. 

20. The lithium ion battery of claim 19 wherein the positive 
electrode active material has a specific capacity of at least 
about 250 mAh/g with a discharge rate of C/3 from 4.6 volts 
to 2.0 volts at room temperature. 

21. The lithinm ion battery of claim 19 wherein a capacity 
at 40 cycles that is at least about 95% of the capacity at 10 
cycles with a discharge rate ofC/3 from 4.6 volts to 2.0 volts 
at room temperature. 

22. The lithium ion battery of claim 19 wherein the inor
ganic composition coating the positive electrode active com
position comprises a metal/metalloid fluoride. 

23. The lithium ion battery of claim 19 wherein the positive 
electrode active composition comprises a composition 
approximately represented by the formula Lil+xMl_x02' 
where M is one or more metal elements and 0.01 ~x~0.3. 

24. The lithium ion battery of claim 23 wherein the positive 
electrode active composition comprises a composition 
approximately represented by a formula Li1+xNi",MnflCoy-
M",,o2' where x ranges from about 0.05 to about 0.25, a 
ranges from about 0.1 to about 0.4, ~ ranges from about 0.4 to 
about 0.65, y ranges from about 0 to about 0.3, and Il ranges 
from about 0 to about 0.1, and where M" is Mg, Zn, AI, Ga, B, 
Zr Ti Ca Ce Y Nb Cr, Fe, V, Li or combinations thereof. 

25.' Th~ litl~iu~ io~ battery of claim 19 wherein the nega
tive electrode comprises elemental carbon. 

* * * * * 


