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Title: RECHARGEABLE .x.:tmmM BA'l'TERY HAVIKG DIPRCVED 

REVERS:IBLE CAPACITY 

FIILD OF lNyENTI:ON 

This invention is related to rechargeabi"e non-aqueous 

5 lithium batteries. 

Most rechargeable lithium ion batteries have a negative 

electrode containing elemental lithium, which is usually 

intercalated in some carbonaceous substance, a positive 

10 electrode bearing a chalc09enide, which is capabie of 

incorporating lithium ions in its structure, an electrolyte 

containing mobile lithium ions, located between the negative 

and positive -electrodes and, optionally, a separator. The 

positive electrode also contains lithium either as ions 

15 incorporated in the structure of the chalcogenide or as a 

lithium compound having dissociable lithium ions ready to be 

incorporated in the structure of the chalcogenide, a binder 

mixed with the chalcogenide, and optionally carbon added to 

increase the conductivity of the mixture. The chal.cogenide in. 

20 the positive electrode is usually a transition metal oxide but 

may also be a transition metal sulphide. 1n some instances -- -

the chalcogenide :may be replaced with a suitable organic 

compound. The electrolyte is commonly a solid organic polymer 

or a non-aqueous liquid, which has a lithium salt dissolved in 

25 it or contains dissociable lithium ions in. some other form. 
The electrolyte may also be a microporous solid polymer which 

has been impregnated with an organic liquid containing a 

dissociable lithium salt. The electrolyte which is rion­

conducti ve of electrons, provides ionic passage for the 

30 11 thium ions. Lithium ions move from the elemental lithium 

containinq neqati ve electrode or anode to the transition metal 

oxide containing positive electrode or cathode, on discharqe 

of the battery. Lithium ions are moved from the cathode or 

positive el.ectrode thrOUCJh the electrolYte to the neqative 

35 electrode in.the charginq step. 

The common practice in constructing a rechargeable 
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lithium battery is that the carbonaceous particles capable of 

intercalatinq lithium ions, added to serve as the cathode 

active material in the neqative electrode of the battery often 

as compacted into a layer with the aid of an orqanic binder 

5 compound, are provided in the battery initially without having 

any lithium content. The lithium ions to be utilized in the 

battery are usually added as a component in the transition 

metal oxide capable of incorporatinq lithium ions in its 

·structure in the positive electrode, and in the non-aqueous 

10 lithium bearing electrolyte. It is to be noted that this 

procedure is common in asse:mblinq planar, spirally wound and 

button shaped rechargeable lithium batteries. The assembled 

lithium battery is first charged by applying a voltage of 

about 4.5 volts between the electrodes of the lithium battery 

15 to move the lithium ions in the. positive electrode for 

intercalation in the carbonaceous particles constituting the 

negative electrode. Most of the lithium added in the positive 

electrode can be moved by applying an electric charge, 

however, there is a limit of the lithium concentration within 

20 the transition metal oxide below which the oxide crystal 

structure is irreversibly chanqed. Furthermore, the first 

charqinq of the assembled battery is a slow process to be 

conducted under carefully controlled conditions. 

The portion of the lithium ions moved out of the lithium-

25 transition metal compounc:t serving as the positive active 

material, by tbe imposed external potential for intercalation 

in the carbonaceous particles, will be permanently lodged in 

or attached to the surface of the carbonaceous particles 

servinq as the negative active material, or will be appended 

30 to the interface between the carbonaceous particles and· the 

non-aqueous electrolyte. Tbe type of bonding by which a 

portion of the lithium ion becomes immobilizable is not known 

exactly; the bonding of the immobilizable li tbium may be 

_related to the structure of the carbonaceous particles or to 

35 the nature of the.bonding of the mobile lithium ion in the 
r 

electrolyte, or to the interaction between the lithium bearing 

electrolyte and the lithium intercalated in the carbonaceous 

particles or to similar features of the . lithium battery, 



W097/31401 
PCTICA97/000fJ7 

- 3 -

however , such illllllObilizable portion of the lithium ion 

initially prese~t in the rechargeable lithium battery is lost 
to subsequent charqinq-discharc;ring process steps. The portion 

of the lithium ions that becomes non-mobilizable in subsequent 

5 cbarqin9-dischargin9 process steps usually constitutes 20-30% 

or even biqher, of the total amount of lithium contained in 
the rechargeable lithium battery and is usually referred to as 

the irreversible capacity loss of the lithium battery. The 
nan-mobilizable lithium portion, that is tbe irreversible 

10 capacity, will thus be influenced by many· factors such as the 
sites available for the lithium ion far intercalation, i.e. 

the nature of the carbon particles utilized, the nature and 
type of non-aqueous lithium bearing electrolyte employed, as 

well as the kind of transition metal oxide utilized in the 
15 positive electrode. U. s. Patent 5, 340, 670 issued to Nerio 

Takami et al. an August 23, 1994, describes as the neqative 
active material in a recharqeable lithium battery, graphite 

particles obtained in a high temperature treatment step and of 
specific crystal structure, ha.vinq advantageous properties 

20 with respect to irreversible capacity loss. u. s. Patent 
5,432,029 issued to Takehito Mitate et al. on July 11, 1995, 

teaches tbe utilization of copper oxide attached to the 
. . . 

graphite or similar carbOnaceous particles incorporated in the 

negative electrode for diminishing the irreversible capacity 
25 loss in a rechargeable lithium battery. Dominique Guyomard et 

·al~ in u.s. Patent 5,422,2~3 issued on June 6, 1995, describe 
a lithium bearing electralYte composition to be utilized for 
reducing the irreversible capacity loss in a lithium battery. 
The above are merely listed as examples of attempts of 

30 defining the nature of irreversil:lle capacity loss . in a 

rechargeable lithium battery and methods far diminishing such 

irreversible capacity losses. 
It can be seen that"°the "irriN'l!'rsible capacity loss of a 

rechargeable lithium battery may be related to both the 

3!5 neqative active material and to tbe positive active ·material. 
~ 

:rt is to be noted that the type of irreversibility associated 
with the neqative ·electrode and its interface with the 
electrolyte is different from the irreveraibili ty exhibited by 
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the positive active material in the positive electrode, 
however, both kinds of irreversibilities are usually 
compensated by adding an excess amount of lithium containing 
transition metal compound to the battery. The excess lithium-

s transition metal compound is a necessary component of a 
conventional lithium battery but is not taking part in 
subsequent charqing-recharqinq steps and may amount to 25% or 
more extra battery weight. The mobilizable lithium ion 
portion in the rechargeable lithium battery, related to the 

10 carbonaceous particles in the negative electrode, is usually 
referred to as the anode specific reversible capacity measured 
in milliampere-hours per gram of carbonaceous particles 
(mAh/g.), and that related to the transition metal compound in 
the positive electrode, is usually referred ·to as the cathode 

15 specific reversible capacity measured in milliampere-hours per 
gram of transition metal compound (mAh/ga) •. 

It is also to be noted that the first charging step due to 
its prolonged nature and controlled conditions, is costly even 
if excess lithium is added in the form of extra lithium-

20 transition metal compound. There are known methods for 
incorporating lithium in the carbonaceous particles prior to 
assembling the lithium battery comprisinq an electrolyte and 
negative and positive electrodes. U.S. Patent 4, 980, 250 

issued to Yu2uru Takahashi et al. on December 25, 1990, 
25 describes carbon moulded articles made of carbon fibre or 

carbon powder having lith~um introduced electrolytically in 
the moulded article prior to the incorporation of the carbon 
moulded article into a lithium battery. Cheng-Kuo Huang et 
·al. in o.s. Patent 5,436,093, teach a method for introducing 

JO lithium into carbon particles from a liquid electrolyte 
.. containing lithium ions by the application of more than one 
electrical charging steps. The carbon particles are carried 
by a nickel grid acting as the negatively charged electrode. 
The positive electrode in the pretreatment process is at least 

35 one lithium sheet immersed in the electrolyte. The lithium • 
containing carbon particles are withdrawn from the pretreating 
electrolyte and are used subsequently as negative active 
material in a rechargeable lithium battery. There is, 
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however, no clear·in~ication that all or any portion of the 
lithium introduced by the above described methods contributes 
to the reversible anode capacity of the carbon particles in 
subsequent repeated charging-discharqing of the obtained 

5 lithium battery, thereby eliminates the need for adding an . 
extra amount of lithium ion containing transition metal 
compound to operate the rechargeable lithium ion battery 
satisfactorily, and hence provide a lighter lithium battery. 

SDllMMJ OP TUB IIVBnJ:QJI 

10 one of the objects of the present invention is to provide. 

a rechargeable lithium battery which incorporates the non­
mobilizable li ~ium ion portion in the neqati ve electrode 
coupled to the non-aqueous electrolyte in the lithium battery 
in the stage prior to the final packaging of the rechargeable 

15 lithium battery and prior to the full charging of the battery, 
thereby avoiding having to add extra weight in the positive 
electrode. 

Another object of the present invention is to reduce the 
length of time required in the first full charging step of the 

20 assembled lithium battery. 
Yet another object of the present invention is to provide 

substantially all the mobilizable lithium ion portion as that 

contained in the positive electrode and the dissociable 
lithium ion in the non-aqueous electrolyte of the resultinq 

25 assembled lithium battery., and thereby obtaining a lithium 
battery having high energy density per unit weiqht. 

A rechargeable lithiWD battery is described hereinbelow 
which. has improved reversible capacity. The improved 

.·rechargeable lithium battery has a positive electrode 
30 comprising a transition metal compound capable of 

incorporating lithium ions in its structure as the positive 
active material in the cathode, the cathode having a cathode 

specific reversible capacity (mAh/9o), a negative electrode 
containing carbonaceous particles capable of intercalatinq 

~ 

35 lithium ions as the neqative active material in the anode, the 
anode having an anode specific reversible capacity (mAh/g.), 
as well as a non-aqueous ele~trolyte conductive of lithium 
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ions, and a total ·amount of lithium ions distributed between 

·the . electrodes and the non-aqueous lithium ion bearing 

electrolyte. In the improved rechargeable lithium battery of 

the present invention the weight of the negative active 
5 material in the negative electrode cw .. ) and the .. weight of the 

positive active material in the positive electrode (We:) are 
adjusted such that the ratio of the anode specific reversible 
capacity multi plied by the weight of the negative active 
material contained in the rechargeable lithium battery to the 

10 cathode specific reversible capacity multiplied by the weight 
of the positive active material contained in the rechargeable 

lithium ion.battery has a value between o.s5 and l.l.5, 

that is mAh/g.. x w. : 111Ah/9c: x We = 0. 85 - l. 15. The improved 
rechargeable 1ithiwn battery has an energy density in excess 

15 of 320 watt.hour/liter or 130 watt.hour/kg. 

BRIBF DBSCRIPl'JOll or ftE D'MIJBGS 

Figure 1 is a schematic circuit diagram illustrating the 
initial transfer of lithium into the anode of the lithium 
battery according to the present invention. 

20 Figure 2 shows the performance of a lithium battery of 

the present invention in repeated cbarqinq-discharginq cycles. 

DB'l'AIT.BQ DBSCRJ:Pl'XOR OF.Tiii PRRMRRD lllBQDUllNTS 
As it has been ·briefly :mentioned above, the energy 

density per unit weight o~ a rechargeable lithium battery is 
25 of siqnificance in the cO-ercial utilization of lithium 

batteries, in particular cf planar lithiUJD batteries. one of 
. . 

the desired features in lithium battery technology is to 

reduce the weight of the battery components as much as it is 
possible without loss of battery efficiency and output. 

30 The transition metal compound utilized in rechargeable 
lithium batteries is usually a transition metal chalcogenide, 

most frequently a transition metal oxiae but may also be a 

transition metal sulphide. The compositioQ of the transition 

metal oxide incorporating lithium ions in its structure 
35 depends on the type and kind of transition metal oxide 

utilized. For example, lithium-cobalt oxide has a composition 
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of LixCo02 , where x is less than 1, similarly lithium bearing 
nickel oxide has a composition of LixNi02. on the other hand, 
lithium bearing manganese oxide may be described as Livffn2 04 , 

where O<y<2. The transition metal compound may also be an 
5 oxide of chromium, copper, vanadium, tungsten or alloys of the 

above mentioned metals with other metals, which are capable of 
incorporating li thiwn ions in their structure. The most often 
utilized transition metal sulphide is TiS2, but other 
transition metal sulphides, such as iron sulphide, may also 

10 serve as cathode active materials. some orqanic compounds 
which are capable of incorporating lithium ions reversibly and 
are also electronic conductors, may also be utilized in the 
positive electrode of a rechargeable lithium battery. In 
theory, virtually all the lithium ions incorporated in the 

15 structure of· transition metal. compound may be moved by an 
imposed direct potential, however, as mentioned above, below 
a certain lithium concentration that is characteristic of each . 
transition metal compound, the crystal structure, in 
particular the iattice dimensions of the transition metal 

20 compound is likely to change irreversibly. Hence a certain 
portion of the lithium in the battery has ·to be retained in 
the positive electrode being incorporated in an unavoidable 
extra cathode material weight. The positive-electrode may 
also contain fine carbon to increase the electrical 

25 conductivity of the electrode and a binder substance. The 
positive electrode is usua~ly in contact with some form of a 
current collector. 

'!'he cathode or positive electrode of a rechargeable 
lithium battery will have a reversible capacity depending on 

30 the nature of the cathode active material contained in the 
electrode and to a lesser degree, on the binder. The cathode 
specific reversible capacity is usually calculated per unit 
weiqht of the cathode active material in the electrode and is 
expressed in milliampere-hours per gram (JllAh/gc). 

JS The non-aqueous. electrolyte of a ~echargeable lithium 
battery is usually either a solid polymer electrolyte 
containing lithium in a dissociable form, or a porous polymer 
separator impregnated with an organic liquid containing 
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dissolved therein 'B l~thiwn salt capable of dissociating. 

For obvious reasons, the electrolyte is conductive only of 

ions and non-conductive of electrons. There are various ways 

to keep the electrolyte weight in the battery as low as 
5 possible, which is beyond the scope of the present invention. 

The negative electrode of a rechargeable, or secondary 
lithium battery usually bas some form of carbonaceous 

particles capable of intercalating lithium, as the negative 
active material. The carbonaceous particles most of ten 

10 utilized in a rechargeable lithium battery include graphite, 
glassy or pyrolytic carbon, petroleum coke, carbon fibres and 

any other form of carbon particles that can intercalate 
lithium under normal circumstances. The preferred particle 

size of the carbonaceous particles is less than 60µ but 

15 greater than 51-\. It is known that th• lithium intercalated in 
carbon has the general formula of LiC. but other lithium to 
carbon ratios have also been recorded. l'.t is also known that 

a portion of the lithium subsequent to the first introduction 
of lithium into the carbonaceous particles, that is in the 

20 initial lithium charqinq step of a lithium battery, is 
irreversibly retained in the carbon structure. As discussed 

above, it is not known exactly whether the irrevfi!!r~_iblY: bonded 
lithium attaches itself to some structural elements of the 

carbon or to the surface of the particles, or is located on 
25 the interface between .the carbonaceous particles and the 

lithium ion conducti_nq elec;trolyte. It has been observed that 
such irreversible capacity· loss may depend on the type and 

history of the carbonaceous particles, on the. binder substance 
· utilized, on tbe nature of the electrolyte composition and so 

30 forth. Whatever is the reason, a portion of the transferred 

lithiwa is lost for subsequent battery charging-discharginq 

process steps. As mentioned hereinabove, in conventional 

rechargeable lithium batteries the irreversibly bonded lithium 

is compensated by an extra amount of lithium-transition metal 
35 compound added in the cathode, thus inc}:'easing the total 

weiqht of the battery. 

The anode or negative electrode of a recharqeable lithium 
battery will have a reversil:>le capacity. depending on the 
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nature of the cathooe active material, that is on the type of 

carbonaceous particles contained in the anode and to a limited 
degree, on the binder. The anode specific reversible capacity 

is usually calculated per unit weight of the anode active 
5 material present in · the electrode and is expressed in 

milliampere-hours per qram (IDAh/g.). 
It is known to introduce lithium into the carbonaceous 

particles by various methods prior to the carbonaceous 
material being incorporated in the anode of the lithium 

10 ~attery, however it is believed, these methods have not been 
successful in eliminating an additional irreversible capacity 
loss that occurs during the first charging of the lithium 

battery. In other words, an extra amount of lithium­
transi tional metal compound is still needed over and above the 

15 reversibly incorporated lithium requirement of the 

carbonaceous particles in the anode. 
It has now been surprisingly found that if the lithium 

is added electrolytically during the first charging of the 
assembled rechargeable lithium battery in such a'manner that 

20 the lithium transferred from the positive electrode for 

initially charging the anode, is replaced from a third lithium 
electrode, no extra amount of lithium-transition metal 
compound is required t.o compensate for the irreversible 

capacity loss in the anode. The improved rechargeable lithium 

25 battery of the present invention underqoes a first charging or 
pre-charging step of the ~ttery in an electrical circuit 
which incorporates a third lithium containing electrode, which 
is most often an elemental lithium bearing electrode. The 
third electrode is separated from the lithium-transition metal 

30 compound containinq cathOde by another non-aqueous lithium ion 
containinq electrolyte but is electrically ( ionically) in 

contact with it. In practice, a positive potential is applied 
to the third, usually elemental lithium.. containing electrode, 

thereby forcing lithium ions to enter into the electrolyte 
35 separatinq the third electrode from the lithium-transition 

# . 

metal compound containing cathode o~ the lithium battery. The 

arriving lithium ions; in turn, farce an eqilivalent amount of 
lithium ions to leave the cathode to enter by way of the 
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electrolyte within the lithium battery into the anode to be 
intercalated by the carbonaceous particles in the neqative 
electrode. As usual in the charging step, the anode carries 
a neqati ve potential, thus closing the circuit. The pre-

5 charging is conducted ·at the usual charging potential of a · 
lithium battery, that is at about 4.5 volts at the 
conventionally required current density for an appropriate 
lenqth of time. The assembled pre-charqed lithium battery is 
disconnected from the third electrode and the additional or 

10 temporary electrolyte, and is subsequently sealed· and packaged 
with appropriate currant collectors and electric leads in the 
usual manner. 

The temporary electrolyte in contact with the third 
electrode containing a source of lithium ions may have the 

15 same composition as the electrolyte of the assembled 
rechargeable li thiUlll battery, or may be a different 
electrolyte such as an organic liquid having a lithium salt 
dissolved therein. The third electrode may be a lithium foil 
immersed in the organic liquid or an alloy of lithium or may 

20 be another lithium ion containing compound. Any convenient 
lithium source that is capable of providing lithium ions to 
the positive electrode of the rechargeable lithium battery and 
can be incorporated iri an electrical circuit, is suitable for 
facilitating the pre-charging of the rechargeable lithium 

25 battery in accordance with the present invention. Fig.l 
represents a-schematic diag~am of the electrical circuit of 
the pre-charqing process step of the battery, where 2 is the 
neqative electrode bearing carbonaceous particles which do not 
contain any lithium before the pre-charqing process step, 4 

30 represents the lithium battery electrolyte and 6 is the 
lithium-transition metal. colllpOund containing positive 
electrode. The positive electrode is in contact with the pre­
charging temporary electrolyte s, . which in turn is in 
electrolytic contact with the third, . usually but not 

35 necessarily, elemental· lithiwn containing electrode 10. In ,. 
the preferred embodiment the third electrode is lithium metal 
or an elemental lithium containing alloy. Reference numeral 
12 represents the external potential sourc;e, providing the 
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- current for the pre-charging process step of the rechargeable 
lithium battery. 'l'he broken line 14 around the schematically 
drawn rechargeable lithium battery components represents 

conventional sealers, current collectors and electrical leads 
5 which encase the rechargeable· lithium battery subsequent to 

the pre-charging step. 
For the sake of clarity, in the present description pre­

charging of the lithium battery is understood to mean the 
first transfer of lithium ions to be intercalated in the 

l.O carbonaceous particles of the anode or negative electrode, by 
means of applying a positive electrical potential to a third 
electrode which acts as a source of lithium ions. In the pre­
charging step the third electrode is connected by means of a 
non-aqueous electrolyte referred to as temporary electrolyte, 

15 to the positive electrode of the lithium battery. The 
temporary electrolyte is disconnected from the lithium battery 
after the pre-charging has taken place. 

It is noted that the rechargeable lithium battery may not 
be fully charged in the pre-Charging step and · additional 

20 charging of the lithium battery may still be required after 
the rechargeable lithium battery has been separated from the 
third electrode and its electrolyte, sealed and packaged in 
the conventional manner. Whether the battery is fully charged 
or only partially charged in the pre-charging step, depends on 

25 the composition of the cathode active material and may also be 

dictated by other aspects of convenience. Optionally, the 
fully pre-charged lithium battery is allowed to discharge to 

. attain its conventional low voltage level and is subsequently 
_packaged and sealed. 

30 one of the important features of the present invention is 
that the bonding between the electrolyte, shown as 4 on Fig .1, 
and the lithium bearing carbonaceous particle-containing anode 
2 formed in the pre-charging step, is not disturbed or broken 
in the subsequent sealing and packaging of the rechargeable 

35 lithium battery. In other words, the lithium is transferred 
through the same electrolyte-anode in't?erface in the pre­
charging step as in subsequent charging-discharging steps 
taking place in utilizing the rechargeable lithium battery of 
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the present invention. 

The above described pre-charging process may be applied 

to planar, spirally wound and button-shaped rechargeable 

lithium batteries. 

5 The specific reversible capacity of a rechargeable 

lithium battery refers to the total reversible capacity of the 

assembled lithium battery and is expressed in milliampere­

hours per the total weight of the active components of the 

lithium battery, that is the sum of the weights of the anode 

10 active material, the cathode active material and the non­

aqueous electrolyte comprised in the lithium battery (:mAh/gt). 

The reversible capacity of the rechargeable lithium battery 

made in accordance with the present invention is usually not 

much lower than the value of the lesser of the reversible 

15 capacities of the electrodes. It should be noted that in 

practical applications the values of the electrode reversible · 

capacities within a rechargeable lithium battery are similar 

to one another. 
The present invention will now be illustrated by working 

20 examples. 

EXAMPLE 1 

A colDJllercially available planar rechargeable lithium 

battery A, · having lithium-cobalt oxide as cathode active 

component and graphite as anode active component, was charged 

25 in the conventional manne~ by . applying 4 • 2 vol ts to its 

external electrical leads at a current level controlled to 

complete charging in a 24 hour period. After charging battery 

A eXhi.bi ted full battery voltage of 4. 05 vol ts. Battery A had 

conventional anode film made of graphite of average particle 

30 size of 151', containing 5 wt% polyvinylidene fluoride binder. 

The electrolyte of battery A was porous polyethylene 

impregnated with ethylene carbonate-diethyl carbonate mixed in 

1:1 ratio, containing .LiPF. in 1.0 mole concentration. It is 

known· that conventional lithium-cobalt oxide has specific , 
35 reversible capacity of 123 mAh/g. The specific anode 

reversible capacity o~ the graphite utilized in the battery is 

370 mAh/g. The reversible capaci~y of batt.ery A was measured 
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in the usual manner and the component layers of battery A were 
subsequently separated and analyzed. The specific reve_rsible 
capacity of lithium battery A was then obtained as 52 mAh/g~: 
in the calculation 9t was the sum total of the weights of the 

5 anode active graptiite, ·cathode active lithium-cobalt oxide and 
the impregnated microporous polyethylene electrolyte comprised 
in a 100 cm2 area of battery A. The 100 cm2 segment of battery 
A was found to contain 1.35 g anode active graphite particles 
and 6.08 g cathode active lithium-cobalt oxide, that is the 

10 weight ratio of graphite to lithium-cobalt oxide in the anode 
and cathode layers respectively, was found to be 4: 18. It was 
calculated that the value of the ratio of the anode capacity 
to the cathode capacity of battery A, that is: mAh/g. x w. 

divided by mAh/gc X We = 370 X 1.35 : 123 X 6.08 = 0.67. This 
15 ratio is well below 1, thus indicating that excess weight is 

carried in the cathOde. 
Battery B was made up of the same commercially available 

lithium-cobalt oxide and graphite particles, utilizing the 
same amount of polyvinylidene fluoride binder and other 

20 additives in the anode and cathode, respectively, as in 
battery A, however, the weight ratio of the anode active 
graphite particles to the cathode active lithium~cobalt oxide 
was 4: 13. 2. The electrolyte of battery B .had the same 
composition as that of battery A, but the weight per unit area 

25 of battery B was lower than that of battery A. The assembled 
lithium battery B was immersed in an electrolyte solution made 
of ethylene carbonate-diethyl carbonate, containing LiPFs in 
l Molar concentration. A 1 mm thick 100 nm wide lithium foil 
mounted on a stainless steel carrier was also immersed in the 

30 electrolyte solution. A direct potential of 4.2 volts. was 
applied between the lithiwn foil-third electrode and the anode 
of lithium battery B containing graphite particles as negative 
active material, the latter having negative polarity in the 
circuit. The direct current was applied until the anode of 

35 lithium battery B attained a potential of 2.9 volts against , 
. the lithium-cobalt oxide bearing cathode of lithium battery B. 

Battery B was then disconnected from the pre-charqing direct 
potential and removed from the temporary ~lectrolyte. Battery .. 



W0'7/31401 PCTICA'7..,7 

- 14 -

B was subsequently fitted with appropriate current collectors 
and electrical leads, and sealed in the conventional manner. 
Battery B was then charqed to the full potential value it was 
capable of attaining, i.e. 4."05 volts, in conventional manner. 

5 Battery B was subjected to several charqinq-discharginq 
cycles.and it was found to perform just as satisfactorily as 

battery A under similar cycling conditions. 
In a subsequent series of tests the capacity of battery 

B was first measured in charging and discharging cycles at 
10 25 lllA current, which was then followed by charging and 

discharging cycles conducted at 40 llA current. The reversible 
capacities manifested in the cycling of battery B are shown on 

. . 

Fig.2, indicating that the rechargeable lithiWll battery made 
in accordance with the present invention has high capacity and 

15 is capable of rendering reliable service. 
Following the cycling series, battery B was dismantled 

and the relevant ·component layers in a 100 cm2 area were 
weighed and analyzed. It was found that battery B contained 
1.35 gram of graphite and 4.42 grams of lithium-cobalt oxide 

20 in the corresponding battery B cathode layer volume. Thus the 
ratio of the anode and cathode reversible capacities was found 
to be: mAh/g. X w. : mAh/CJc X We == 370 X l.35 : 123 X 4.42 = 

0.92, indicating a subStantial increase in the energy output 
per weiqht of battery B When compared to battery A •. 

25 The specific reversible capacity of battery B was found 
to be 64 mAh/g1:, which also. shows an increase in comparison to 
battery A. 

The energy density of battery B was found to be 335 

watt.hour/litre and 142 watt.hour/kq, compared to 272 
30 watt.hour/litre and 116 watt.hour/kg of battery A. 

BXAllPLE 2 

A commercially available planar rechargeable 11 thimn 
battery c, having lithium-manqanese oxide as cathode active 
component and graphite as anode active comppnent, was ~harqed 

35 in the conventional manner by applying 4.2 volts to its 
external electrical leads at a current· level controlled to 
complete charging in a 24 hour period. After charqinq·"battery 
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c exhibited full battery voltaqe of 3.85 volts. Battery c had 
conventional anode film made of graphite of average particle 
size of 15µ, containing s wt% polyvinylidene fluoride binder. 
The electrolyte of battery c was porous polyethylene 

5 impregnated with ethylene carbonate-diethyl carbonate mixed in 
1:1 ratio, containing.LiPF6 in l.O mole concentration. It is 
known that conventional lithium-manganese oxide has specific 
reversible capacity of 142 mAh/g. The specific anode 
reversible capacity.of the graphite utilized in the battery 

10 was 370 mAh/g. The specific reversible capacity of lithium 
battery c was found to be 57 mAh/gt; in the calculation g~ was 
the sum total of the weights of the anode active qraphite, the 
cathode active lithium-manganese oxide and the impregnated 

. microporous polyethylene electrolyte comprised in a 100 cm2 

15 area of battery c. The component layers of battery c were 
subsequently separated and analyzed. In a 100 cm2 segment of 
battery c the weight ratio of the anode active graphite to the 
cathode.active lithi\iln-manqanese oxide in the anode and the 
cathode layers respectively, was found to be 4:15.7 or i.35 g 

20 to.5.30 g. It was calculated that the value of the ratio of 
the anode capacity to the cathode capacity of battery c, that 
is: mAh/9. X w. divided by JDAh/gc X We = 370 x 1. 35 : 142 X 5. 30 
= o. 66. This ratio is well below · 1, thus indic.ating that 
excess weiqht is carried in the cathode of battery c. 

25 Battery D was made up of the same commercially available 
iithiwn-manganese oxide an~ qraphite particles, utilizing the 
same amount of polyvinylidene fluoride binder and other 
additives in the anode and cathode respectively, as in battery 
c, however, the weight ratio of the anode active· graphite 

30 particles to the cathode active lithium-manganese oxide was 
adjusted to 4;11.6. The electrolyte of battery D had the same 
composition as that of battery c. Thus the weight per unit 
area of battery . D was lower than that of battery c. The 
assembled li thiwn battery D was immersed in an electrolyte 

35 solution made of ethylene carbonate-diethyl carbonate, .. 
containinq LiPFa in 1 Molar concentration. A 1 mm thick 100 
mm wide lithium foil mounted on a stainless steel carrier was 
also immersed in the electrolyte solution~ A potential of 4.2 
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volts was applied between the lithium foil-third electrode and 
the anode of the lithium battery containinq graphite particles 
as neqative active material, the latter having neqative 
polarity in the circuit. The current was applied until the 

5 anode of lithium battery D attained a potential of 2.75 volts 
against the lithium-manganese oxide bearing cathode of the 
lithium battery D. Battery D was then disconnected from the 
pre-charging potential and removed from the electrolyte. 
Battery D was subsequently fitted with appropriate current 

10 collectors and electrical leads, and sealed in the 
conventional manner. Finally, battery D was charged in 
conventional manner to the full potential it was capable of 
attaining, i.e. J.85 volts. 

Battery D was subjected to 10 charqing-discharging··cycles 
15 and it was found to perform just as satisfactorily-as battery 

c under similar cycling conditions. 
Following 10 cycles battery D was dismantled, the 

relevant component layers in a 100 cm2 area weighed and 
analyzed. It was found that battery D_contained l.35 grams of 

20 graphite particles and 3.92 grams of lithium-manganese oxide 
in the corresponding cathode layer volume of battery D. Thus 
the ratio of the anode and cathode reversible capacities was 
found to be: mAh/g. x w~ : 111.Ah/gc x We = 370 x 1. 35 : 142 x 3. 92 
= 0.90, indicating a substantial increase in the energy output 

25 per weight of battery D in comparison with battery c. 

30 

The specific reversib~e capacity of battery D was found 
to be 70 mAh/9t, which also shows an increase in comparison 
with battery c .. 

The energy 
watt.hour/liter 
watt.hour/liter 

EXAMPLE .3 

density of battery D was found to be 345 
and 146 watt.hour/kg, compared to 2a4 

and 121 watt.hourjkq of battery c. 

The capacity of rechargeable lithium battery E 
constructed in a conventional manner of commercially available , 

35 graphite and lithium-nickel oxide as the respective anode and 
cathode active· material, and lithium ion condu~ting 

electrolyte made of polyethylene oxide containing LiPF6 in l 
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Molar concentration, was to be compared to the capacity of a 

recharqeable lithium battery containing similar components as 
battery B, made according to the present· invention. The 

graphite utilized in the anode of the batteries was similar in 

s quality and particle size as those in Examples l and 2. The 

lithium-nickel oxide-containinq conventional battery E was 
fully charged and its composition and performance parameters 

noted in the similar manner as was done for batteries A, B, c, 
and o. The specific reversible capacity of lithium-nickel 

10 oxide is known to be 147 mAh/q. The weight ratio of graphite 

to lithium~nickel oxide in conventional battery E was 4:15.1, 

or 1.35 q graphite particles and 5.10 g lithium-nickel oxide 
were contained in a 100 cm2 area of battery E. The value of 

ratio of mAh/q. x w. : mAh/q., x w .. = 370 x 1.35 : 147 x s.10 was 
15 found to be 0.67 in the case of battery E. The specific 

reversible capacity of battery E was calculated as 59. 5 
lDAh/gu based on the total weights of the electrode active 

materials and the electrolyte contained in battery E. 
Battery F was made up to contain the same type of 

20 comm~rcially available electrode active and electrolyte 
materials as battery E, however, the weight·ratio of the anode 

active carbon to the cathode active lithium-nickel oxide was 

in the case of battery P: 4: 11. 2, in all other respects 

battery P was similar to lithium battery B. The assembled 
25 lithium battery P was immersed in an electrolyte solution made 

of ethylene carbonate-die't:;hyl carbonate, containing LiPF6 in 
1 Molar concentration. A 1 mm thick 100 mm wide lithium foil 

mounted on a stainless steel carrier was also immersed in the 
electrolyte solution. A potential of 4. 2 vol ts was applied 

30 between the lithium foil-third electrode and the anode of the 
l.ithiua battery containing qraphite particles as negative 

active material, the latter having negative polarity in the 
circuit. The current was applied until the anode of lithium 

. battery F attained a potential of 2. 7 vol ts against the 
35 lithimn-nickal oxide bearing cathqde of lithium battery P; it 

f' 

was subsequently disconnected from the pre-charqing potential 
and removed from the electrolyte. The partially charged 

battery P was then fitted with appropria~e current collectors 
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and electrical .leads, and sealed in the usual :manner. 
Finally, battery F was charged in conventional manner to the 
full potential it was capable of attaining, i.e. 3.80 volts. 

Battery I' was subjected to 10 charqing-dischargin~ ·cycles 
5 and it was found to perform just as satisfactorily as battery 

E under similar cycling conditions. 
Following 10 cycles battery F was dismantled, the 

relevant component layers in a 100 cm2 area weighed and 
analyzed. J:t was found that battery F contained 1. 3 5 grams of 

10 graphite particles as anode active material and 3.78 grams of 
lithium-nickel oxide in the corresponding cathode layer volume 
of battery F. Thus the ratio of the anode and cathode 
reversible capacities was found to be: 
mAh/g. X w. : mAh/90 X We = 370 X l.35 : 147 X 3.78 = 0.90, 

15 indicating a substantial increase in the energy output· per 
weight of battery F in comparison with battery E. 

The specific reversible capacity of battery F was found 
to be 73.1 mAh/gt, which also shows an increase in comparison 
with battery E. 

20 The energy density of battery F was found to be 350 

25 

watt.hour/liter and 151 watt.hour/kg, compared to 291 

watt.hour/liter and 124 watt.hour/kg of battery E. 
Results characterizing the lithium batteries dis~ussed in 

Examples 1, 2 and 3 are shown in Table 1. 
It has been shown that rechargeable lithium batteries 

which have been pre-charg~d in accordance with the present 
invention perform well, furthermore, these lithium batteries 
have reduced weiqht compared to conventional rechargeable 
lithium batteries, and hence have increased energy density per 

30 battery weight and volume. 
The foregoinq has described the principles, 

pref erred embodiments and modes of operation of the present 
invention. However, the invention should not be construed as· 
limited to the particular· embodiments discussed. Instead, the 

35 above-described embodiments should be reqarped as illustrative 
rather than restrictive, and it should be appreciated that 
variations may be made in those embodiments ·by workers skilled 
in the art without departing from the scope of the present 
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invention as defined by the following claims. 

TABLE l 

~atteryf wt of Cathode Reactive Voltaqe Watt.hour Watt.hour I . . . 

5 Material per 100 emz per litre per kg 

A Li.,Co02 6.08 q 4.05 272 116 

B Li,.Co02 4.42 q 4.05 I 335 142 
c LiyMn204 s·.3o g 3.85 284 121 

10 D LiyMn204 3.92 g 3.85 345 146 
E Li,.Ni02 s.10 9 3.80 291 124 
F Li,.Ni02 3.18 q 3.80 350 I 151 

.. 
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we Claim: 

1. In an improved rechargeable li thiwn battery, said 
rechargeable li~hium battery having a positive electrode 
containing a transition metal compound capable of 

5 incorporating lithium ions in its structure as the positive 
active material, a negative electrode containing carbonaceous 
particles capable of intercalating lithium ions as the 
negative active material, a non-aqueous electrolyte conductive 
of lithium ions, and a total amount of lithium ions 

10 distributed between the electrodes and the non-aqueous ·lithium 
ion bearing electrolyte, said rechargeable lithium battery 
having a capacity measured in milliampere-hours per gram 
weight of battery(mAb/g~), an anode specific reversible 
capacity (:mAh/q.) and a cathode specific reversible capacity 

15 (mAh/go), the improvement com.prising that the weight of the 
negative active material in said negative electrode (w.) and 
the weight of the positive active material in the positive 
electrode (w0 ) are adjusted. such that the ratio of said anode 
specific reversible capacity multiplied by said weight of the 

20 negative active material contained in said rechargeable 
lithium battery to said cathode specific reversible capacity 
multiplied by said weight Of the positive active material 
contained in said rechargeable lithium ion battery: 
mAh/g. x w. : mAh/g0 x W0 = 0 ~ 85 - 1.15 J thereby providing a 

25 rechargeable lithium batte~y having an energy density of at 
least 320 watt.hour/liter. 

2. A rechargeable lithium battery as claimed in claim l, 
wherein said rechargeable lithium battery is a planar battery 
having energy density at least 130 watt.hour/kg. 

30 3. A rechargeable lithium battery as claimed in claim 1, 
wherein a portion of said total amount of lithium ions in said 
recharqeable lithium battery has been j,ntroduced in said 
carbonaceous particles capable of intercalating lithium ions 
subsequent to assembling said positive electrode, said 

35 negative electrode and said non-aqueous electrolyte conductive 

11111111111111 1111111111111111 
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of lithium ions eom~rised in said rechargeable lithium 

battery, but prior to packaqinq and sealing said recharqeable 

lithium battery. 

4. A rechargeable lithium battery as claimed in claim 3, 

5 wherein said portion of said total amount of lithium ions has 

been introduced in said carbonaceous particles by elect.rolytic 

means utilizing.a third electrode com.prising one of the group 

consisting of elemental lithimn, a lithium alloy and a lithium 

containing compound •. 

10 5. A rechargeable lith~um battery as claimed in claim l, 

wherein the transition metal compound capable of incorporating 

lithium ions in its structure is a transition netal 

chalcogenide. 

6. A rechargeable lithium battery as claimed in claim 5, 

15 wherein the transition metal chalcogenide capable of 

incorporating lithium ions in its structure is selected from 

the group consisting of: manganese oxide, cobalt oxide, nickel 

oxide, vanadiUJll oxide, chromium oxide, copper oxide, tungsten 

oxide and. oxides of alloys thereof, titanium sulphide and iron 

2 O sulphide. 

7. A rechargeable lithium battery as ·claimed in claim 1, 

wherein the non-aqueous el~ctrolyte conductive of lithium ions 

is a lithium ion containing solid polymer electrolyte. 

8. A rechargeable lithium battery as claimed in claim 1, 

25 wherein the non-aqueous electrolyte conductive of lithium ions 

is a microporous polymer impregnated with lithium containing· 

organic liquid. 

9. A rechargeable lithium battery as claimed in claim 1, 

wherein the carbonaceous particles capable of intercalating , . 

30 lithium ions are selected from the group consisting of: 

petroleum coke, glassy carbOn particles, graphite particles 

and carbon particles of less than 60µ size. 

111111111111111111111111111111 
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10. A rechargeabl"e 1 i thium battery as claimed in claim l , 
having cobalt oxide as a transition metal compound capable of 
incorporating lithiwn ions in its structure, said ~obalt oxide 
having cathode specific reversible capacity in the range of 

5. 123±5 mAh/g. 

11. A rechargeabl.e lithium .battery as claimed in claim 1, 

having manganese oxide.as a transition metal compound capable 
of incorporating lithium ions in its structure, said manganese 
oxide having cathode specific reversible capacity in the 

10 range of 142+5 JDAh/g. 

12. A rechargeable lithium .battery as claimed in claim 1, 
having nickel oxide as a transition metal compound capable of 
incorporating lithium ions· in its structure, said nickel oxide 
having cathode specific reversible capacity in the range of 

15 14 7±5 mAh/g. 

I 1111111111111 111111111111 1111 
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1. In an improved rechargeable lithium battery, said 

rechargeable lithium battery having a positive electrode 

containing a transition metal compound capable of incorporating 

lithium ions in its structure as the positive active material, 

a negative electrode containing carbonaceous particles capable 

of intercalating lithium ions as the negative active mate~ial, 

a non-aqueous electrolyte conductive of lith~um ions, a_nd a 

total amount of lithium ions distributed between ~he electrodes 

and the non-aqueous lithium ion bearing electrolyte, said . - . 
rechargeable lithium battery having a capacity measured in 

milliampere-hours per gram weight of battery(mAh/gt), an anode 
. . 

specific reversible capacity (mAh/g.) and a cathode specific 

reversible capacity (mAh/gc), the improvement com~rising that 

the weight of the negative active material in said negative 

electrode (w.) and the weight of the positive active material in 

said positive electrode (w0 ) are adjusted such that the value of 

the ratio, denoted by n, of said an·ode specif.ic reversible 

capacity multiplied by said .weight of . the negative active 

material contained in said recha:rgeable lithium battery, to said 

cathode specific reversible capacity multiplied by said weight 

of the positive active material contained in said rechargeable 

lithium ion battery, is expressed as 

mAh/g. x w. : mAh/gc x We = 0. 85< n <1.15, and that the weight of 

the negative active material in the negative electrode ·cw.) is 

adjusted by introducing a portion of said total ameunt of 

lithium ions in said rechargeable lithium battery in an 

assembled s.tate prior to packaging and s-ealing said battery; 

thereby p~oviding a rechargeable lithiu_~ 9c:1ttery having an 

energy density of at least 320 watt.hour/liter. 

2. A rechargeable lithium battery as claimed in· ... claim 1, 

wherein said rechargeable lithium battery is a planar battery 

having energy density of at least 130 watt.hour/kg. 
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3. A rechargeable lithium battery as claimed in claim 1, 

wherein said portion of said total amount of lithium ions in 

said rechargeable lithium battery is introduced in said 

carbonaceous particles capable of intercalating lithium ions 

subsequent to assembling said positive electrode, said negative 

electrode and said non-aqueous electrolyte conductive of lithium 

ions comprised in said rechargeable lithium· battery, but prior 

to packaging and sealing said rechargeable lithium battery. 

4. A -rechargeable lithium battery as ·claimed in claim 3, 

wherein. said portion qf said total amount of lithium ions is 

introduced in said carbonaceous particles by electrolytic means 

utilizing a third electrode comprising one of the group 

consisting of elemental lithium, a lithium alloy and a lithium 

containing compound. 

5. A rechargeable lithium battery as claimed in claim 1, 

wherein the transition metal compound capable of incorporating 

lithium ions in its structure is a transition metal 

chalcogenide. 

6. A rechargeable Ii thium battery as claimed 

wherein the transition metal chalcogenide 

in claim 5, 

capable of 

incorporating lithium ions in its structure is selected from the 

group consisting of: manganese oxide, cobalt oxi'de, nickel 

oxide, vanadium oxide, chromium oxide, coppe·r oxide; tungsten 

oxide and intim~tely mixed oxidic compounds there?£, titanium 

sulphide and iron sulphide. 

7. A rechargeable lithium battery as claimed in claim 1, 

wherein the non-aqueous electrolyte conductive. of l·i thium ions 

is a solid polymer electrolyte containing lithium ions. 

8. A rechargeable lithium battery as claimed in claim 1, 

wherein the non-aqueous electrolyte conductive of lithium ions 

is a microporous polymer impregnated with an organic liquid 
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containig lithium ioris. 

9. A rechargeable lithium battery as claimed in claim 1, 

wherein the carbonaceous particles capable of intercalating 
lithium ions are selected from the group consisting of: 
petroleum coke, glassy carbon particles, graphite particles and 
carbon particles, said carbonaceous particles having cross­

sectional diameter of less than 60µm. 

10. A l;"echargeable lithium battery as claimed in claim 1, 

having cobalt oxide as a transition metal compound capable of 

incorporating lithium ions in its structure, said cobalt oxide 
having cathode specific reversible capacity in the range of 

123+5 mAh/g. 

11. A rechargeable lithium battery as claimed in claim 1, 

· having manganese oxide as a transition metal compound capable of 

incorporating lithium ions in its structure, said manganese 
oxide having cathode specific. reversible capacity in the range 

of 142±5 mAh/g. 

12. A rechargeable lithium battery as claimed in claim 1, 
having nickel oxide as a transition metal compound capable of 

incorporating lithium ions in its structure, said nickel oxide 
having cathode specific reversible capacity in the ra~ge of 
147±5 mAh/g. 
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.(57) Abstract 

An improved rechargeable 
lithium battery is described 
compns1ng a transition metal 
compound as cathode active material 
and carbonaceous particles as 
anode active mat=ial, having prior 
int.en:aJated liahium ions in lhe 
carbanaccous panic:les in lhc anode 
of lhe 1111C111bled lilbium battery, 
thezeby ~ucing the weight of the 
cathode active material iequired. 
The rechugeable lithium battely 
has increased energy density per unit 
weight and per unit volume. 
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