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(57) Abréegée/Abstract:
An electrochemical cell comprises a cell housing, and a cathode located in the cell housing. The cathode comprises at least one
electrochemically active compound of lithium, manganese and oxygen. The compound has a spinel-type structure and has the

general formula Li1Dx/an2-xO4.+8 where (i) X is a number such that 0=<x<0,33; (ii)) dis a number such that 0<6<0,5, with the values
of x and & being such that the oxidation state N of the manganese cation I1s 3,5<N<4 0; (i) D is a mono- or multi-valent metal
cation; and (lv) b Is the oxidation state of D. An electrolyte Is also located In the cell housing. The cell housing, electrolyte and
cathode are arranged to permit a charging potential to be applied to the cell to cause lithium from the cathode to form, in the cell
housing, at least part of the anode, while the electrolyte couples the cathode electrochemically to the anode, and insulates it

electronically therefrom.
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BSTRACT

T Rama o S

An electrochemical cell comprises a cell housing, and a cathode located in the cell
housing. The cathode comprises at least one electrochemically active compound of
lithium, manganese and oxygen. The compound has a spinel-type structure and has the
general formula
LD, ,Mn, Oy,

where (i)  x is a number such that 0<x<0,33;

(i) O is a number such that 0<6<0,5, with the values of x and 0 being such

that the oxidation state N of the manganese cation is 3,5 <N<4,0;

(ili) D is a mono- or multi-valent metal cation; and

(iv) bis the oxidation state of D.
An electrolyte is also located in the cell housing. The cell housing, electrolyte and
cathode are arranged to permit a charging potential to be applied to the cell to cause
lithium from the cathode to form, in the cell housing, at least part of the anode, while the
electrolyte couples the cathode electrochemically to the anode, and insulates it

electronically therefrom.
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ELECTROCHEMICAL CELL

THIS INVENTION relates to an electrochemical cell. It relates also to a method of
making an electrochemical cell.

According to a first aspect of the invention, there is provided an electrochemical cell,
which comprises

a cell housing;

a cathode located in the cell housing, the cathode comprising at least one
electrochemically active compound of lithium, manganese and oxygen, having a
spinel-type structure and having the general formula

L1iDxsMn, xOsis (1)

where (1) X 1s a number such that 0<x<0,33;

(i) & is a number such that 0<6<0,5, with the values of x and o beimng such
that the oxidation state N of the manganese 1s 3,5<N<4,0;

(iii) D is a mono- or multi-valent metal cation; and

(iv) b is the oxidation state of D; and

an electrolyte located in the cell housing,
with the cell housing, electrolyte and cathode arranged to permit a charging potential to
be applied to the cell to cause lithium from the cathode to form, in the cell housing, at
least part of the anode, while the electrolyte couples the cathode electrochemically to the
anode, and insulates it electronically therefrom.

In respect of the compound, in one embodiment of the invention, D may be L1 so that b
is 1, with formula (1) then being Li, Mn, 0,.5. However, in other embodiments of the
invention, D may be a metal cation other than Li. It may then be a divalent metal cation
such as Mg so that bis 2. When D is Mg, formula (1) becomes Li,;Mg,»""Mn, 045 In

a further embodiment of the invention, D can be a monovalent metal cation other than
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Li, such as Ag, with formula (1) then becoming Li,Ag Mn, O,,,. In still a further

embodiment of the invention, D can instead be a trivalent metal cation such as Co** so
that formula (1) then becomes Li;Co,/;**Mn, O, .

The principles of the invention will hereinafter be demonstrated with particular reference
to the case where D is Li, ie when formula (1) is Li, , Mn, O,.,. The oxidation state, N,
of the manganese cations in the compound thus ranges between 3,5 and 4,0 but excludes
3,5 and 4,0. The compound of the cathode is thus found in the Li-Mn-O phase diagram
and, with reference to an isothermal slice of the Li-Mn-O phase diagram at 20°C, lies in
the tie triangle having at its apices, LiMn,O,, Li;Mn;0O,, and Li,Mn,O,, ie falls within the
area of the triangle whose boundary is defined by the LiMn,0,-Li,Mn,O, tie line, the
Li,Mn,O4-Li,Mn;O,, tie line, and the Li,Mn;O,,-LiMn,O, tie line. Therefore, in
accordance with the invention, compounds excluded from the tie triangle are LiMn,O,
and all compounds lying on the tie line between LiMnsO,, and Li,Mn,O, such
compounds being represented by Li,O.yMnQO, with 2,5<y<4,0.

Preferably, in respect of the coxi;pound, 0<x<0,2 and 0<0<0,2 so that N ranges between
3,5 and 3,78. The compound then lies, with reference to said Li-Mn-O phase diagram
isothermal slice, in the tie triangle having at its apices LiMn,O,, Li;,Mn,¢O, and
LiMn,O,,, ie falls within the area of the triangle whose boundary is defined by the
LiMn,O,LiMn,0,, tie line, the LiMn,0O,,-Li,Mn,;0, tie line, and the
Li; ,Mn, ;O,-LiMn,0, tie line, but excluding, as hereinbefore describ;ed, LiMn,0,.

More preferably, 0<x<0,1 and 0<0<0,1 so that 3,5<N<3,74. More particularly, 0 may
be 0 and 0<x<0,1 so that 3,5<N<3,63. For example, 0 may be 0 and 0<x<0,05 so that
3,5<N<3,56. The lower limit of N may be 3,51, more preferably 3,505.

The compound of the cathode may be prepared chemically by reacting a lithium
containing component selected from lithium salts, lithium oxides, lithium hydroxides and
mixtures thereof, and that decomposes when heated in air, with a manganese containing
component selected from manganese salts, manganese oxides, manganese hydroxides,

lithium manganese oxides and mixtures thereof, and that also decomposes when heated
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in air, with the proportion of the lithium component to the manganese component being
selected to satisfy the stated composition of the compound ie Li, , Mn, O, ; and with the
reaction temperature and reaction time being controlled to provide the correct manganese '
oxidation state in the compound and to prevent decomposition or diSptoportion of the

reaction product or compound into undesired products.

For example, the lithium component may be lithium hydroxide (LiOH), lithium nitrate
(LINO;) or lithium carbonate (Li,CO;), while the manganese component may be

manganese carbonaite (MnCO,).

Typically, when a lithium salt is used and x in Li,, Mn, O,,, is >0, the reaction
temperature will _be maintained at 300-750 °C, with temperatures above this resulting in

decomposition of the compound into stable stoichiometric spinel and rock salt phases.

Thus, for example, the compound can be formed by heating MnCO, and Li,CO; in air at
300°C to 750°C for a period of 2 to 96 hours, according to the reaction:
1,95MnCO, + 0,525Li,CO;, + 0,76250, —> Li; sMn, 04 +.2,475CO,

At higher temperatures the resultant product will decompose according to the following

reaction to generate stable stoichiometric spinel and rock salt phases:
~ Li; 4sMn, 4,0, = 0,95LiMn,0O, + 0,05Li,MnO,

However, instead of MnCO,, a manganese dioxide such as y-MnO,, which can be either
electrolytically or chemically prepared, can be used, with the temperature then being
selected such that oxygen is lost during the reaction to give the required stoichiometric

compound. Typically the reaction temperature will then be maintained at 300°C to 750°C.

Thus, the compound can then be formed by heating y-MnO, and LiOH at 300°C to 750°C
for a period of 2 to 96 hours according to the following reaction:
1,05LiOH +°1,95MnO, — Li, ;sMn, 4,0, + 0,21250, + 0,525H,0
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However, when x = 0 and 0<6<0,2 in L1;+,Mn;,.O4.+5, lower synthesis temperatures

are typically required, for example about 600°C, to obtain a value of N >3 5: Thus, the
compound can then be formed by heating y-MnO; and L1OH 1n a 2:1 molar ratio at

300°C-600°C for a period of 2 to 96 hours, according to the reaction:
5 0,050,
LiOH + 2MnO, > LiMn;04,; + OH

The cell housing may initially contain, as at least part of the anode or n'egative

electrode, electrochemically active lithium, and the anode may be electrochemically
10  connected to an anode terminal. The active lithium may be selected from the group

comprising lithium metal, a lithium/aluminium alloy, a lithium/silicon alloy, a

lithium/carbon compound and mixtures thereof.

Instead, however, there may initially be no electrochemically active lithium present in

15 the housing and which forms part of the anode.

The clactfolyte may be non-aqueous, and comprise a lithium salt, for example,
L1Cl10,, I_:iAsF6, LiBF, or mixtures thereof, dissolved in an organic solvent, for
example, propylene carbonate, ethylene carbonate, dimethoxy ethane, dimethyl

20  carbonate or mixtures thereof. The anode may be separated from the cathode by a
microporous separator of electronically insulating material which is permeable by and
impregnated by the electrolyte. Although LiC10,, LiAsF¢ and LiBF, are specifically
mentioned above, in principle any suitable salt of lithium dissolved in any suitable
organic solvent can be employed for the electrolyte. In such cells the proportions of

25  lithium 1n the anodes with regard to other constituents of the anodes will typically be

what 1s usually employed in the art.

According to a second aspect of the invention, there is provided a method of making
an electrochemical cell, which method comprises

30 loading, into a cell housing, an electrolyte and a cathode comprising at least
one electrochemically active compound of lithium, manganese and oxygen, the

compound having a spinel-type structure and having the general formula
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L1, Dy, Mm, Oy (1)

where (1) X 1s a number such that 0<x<0,33;

(11) O 1s a number such that 0<0<0,5, with the values of x and o being such
that the oxidation state N of the manganese 1s 3,5<N<4,0;

(111) D is a mono- or multi-valent metal cation; and

(iv) b is the oxidation state of D; and

arranging the electrolyte and cathode in the housing to permit a charging
potential to be applied to the cell to cause lithium from the cathode to form, in the cell
housing, at least part of an anode, while the electrolyte couples the cathode
electrochemically to the anode, and insulates it electrochemically therefrom.

The method may include the step of producing the cathode by, as herembetore
described, reacting a lithium containing component selected from lithium salts, lithium
oxides, lithium hydroxides and mixtures thereof, and that decomposes when heated in
air, with a manganese containing component selected from manganese salts, manganese
oxides, manganese hydroxides, lithium manganese oxides and mixtures thereof, and that
also decomposes when heated in air, at a reaction temperature of 300-750°C for a period
of 2-96 hours, to provide the compound of formula (1).

The invention extends also to an electrochemical cell, whenever made by a method as
hereinbefore described.

When the electrochemical cell initially has no active lithium anode, it has the advantage
that it can be loaded, stored and transported in the absence of any metallic or free
lithium. It can thus be transported easily and safely and it can be stored indefinitely,
since there is no free lithium present. The cell can, when required for use, simply be
commissioned or activated by means of a charging potential, until the cathode is at 1ts
fully charged state or between its fully charged or fully discharged states.

Pure lithium electrodes are regarded as unsafe, particularly when used in rechargeable
cells, in view of the fire risk if the cells vent during operation. Carbon (graphite)
electrodes are used increasingly at the anode of 4V cells for intercalating the lithium,



~ 2104759

thereby minimizing the safety risk of rechargeable lithium cells in batteries. In such cells,
it is an advantage to use a slightly overdischarged cathode material for supplying the
carbon anode with lithium because the carbon anodes do not readily release all of the
intercalated lithium back into the system during discharge. There must therefore be a
5 careful balance between the amount of lithium in the cathode or ano;ie for effective cell

operation.

Applicant believes that the severity of these problems can at least be reduced by utilizing

a lithium manganese oxide compound of formula (1), as electrode material.

The invention will now be described, with reference to the following non-limiting
10  examples, and with reference to the accompanying drawings in which
FIGURE 1 shows an isothermal slice of the Li-Mn-O phase diagram at 20°C; .
FIGURE 2 shows an enlarged view of a portion of the isothermal slice of the
Li-Mn-O phase diagram of Figure 1,
FIGURE 3 shows X-ray diffraction patterns of the spinel compounds of Examples
15 1 and 2; ; >
FIGURE 4 shows charge and discharge profiles of an electrochemical cell having
the compound of Example 1 as an electrode and which cell is not in accordance with the
invention;
FIGURE 5 shows charge and discharge profiles of an electrochemical cell having
20 the compound of Example 2 as an electrode and which cell is not in accordance with the
invention; '
FIGURES 6, 7, 8, 9, 10 and 11 show charge and discharge profiles of
electrochemical cells in accordance with the invention, having the compounds of Examples
3, 4, 5, 6, 7 and 8 respectively, as electrodes;
25 'FIGURE 12 shows plots of electrode capacity v cycle number for electrochemical
cells having the electrodes of Examples 1 and 2;
FIGURE 13 shows plots of electrode capacity v cycle number for electrochemical
cells in accordance with the invention, having the electrodes of Examples 3, 4 and 3;
FIGURE 14 shows plots of electrode capacity v cycle number for electrochemical

30 cells in accordance with the invention having the electrodes of Examples 6, 7 and 8;
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FIGURE 15 shows X-ray diffraction patterns of the compounds of Examples 3, 4
and S, with the asterisks indicating peaks of an internal silicon standard;

FIGURE 16 shows X-ray diffraction patterns of the compounds of Examples 6, 7
and 8, with the asterisks indicating peaks of an internal silicon standard,;

FIGURES 17 and 18 show, respectively, further comparative charge and discharge
profiles of electrochemical cells having the compounds of Examples 2 and 3 respectively

¢ ‘!'

as electrodes; ,
FIGURE 19 shows an X-ray diffraction pattern of the spinel compound of

Example 9,
FIGURES 20A and 20B show, respectively, charge and discharge profiles of an
electrochemical cell in accordance with the invention, having the compound of Example

0 as an electrode;
FIGURE 21 shows a plot of electrode capacity vs cycle number for an

electrochemical cell in accordance with the invention having the electrode of Example 9;
FIGURE 22 shows the X-ray diffraction pattern of the spinel compound of
Example 10; |
FIGURE 23 shows chai'ge and discharge profiles of an electrochemical cell in
accordance with thé invention, having the compound of Example 10 as an electrode;
FIGURE 24 shows a plot of electrode capacity vs cycle number for an
electrochemical cell in accordance with the invention, having the electrode of Example
10; and
FIGURE 2S5 shows a schematic cross-section of an electrochemical cell in

accordance with the present invention.

Figures 1 and 2 show an isothermal slice at 20°C of the phase diagram of Li-Mn-O,
including a tie triangle having at its apices LiMn,O,, Li;Mn;O;, and Li;Mn,O,. The
electrochemically active lithium, manganese and oxygen based compounds of the cathode
of the electrochemical cells of the present invention, and which have a spinel type
structure, can be represented by the formula Li,, Mn, O,,, where 0=<x<0,33 and
0<d<0,5 as hereinbefore described. These compounds are thus defined by said tie
triangle, but exclude LiMn,O, and compounds on the Li,Mn;O,, to Li,Mn,Oj tie line.

More preferred compounds are defined by a tie triangle having at its apices LiMn,QO,,
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Li,gMn,;O, and LiMn,O,, ie where 0<x<0,2 and 0<0<0,2 in the formula
Lil +an2-xO4+6' -

In the abovestated formula, when x=0 and 0=0 the compound is the spinel Li(Mn,)O,
and when x=0,33 and d=0, the compound is Li, ;3Mn, (,O, which is also a spinel and can
thus be written in spinel notation Li(Mn, ,Li, 33)O,4 or Li;Mn;O,,. Both these compounds
are stoichiometric spinel compounds of general formula A[B,]X, in which the X atoms
are arranged in a cubic close packed fashion to form a negatively charged anion array
comprised of face-sharing and edge-sharing X tetrahedra and octahedra. In the formula
A[B,]X, the A atoms are tetrahedral site cations, and the B atoms are octahedral site
cations, ie the A cations and B cations occupy tetrahedral and octahedral sites

respectively. In an ideal spinel structure, with the origin of the unit cell at the centre

(3m) the close packed anions are located at 32e positions of the space group Fd3m. Each

unit cell contains 64 tetrahedral interstices situated at three crystallographically non-
equivalent positions at 8a, 8b and 48f, and 32 octahedral interstices situated at the
crystallographically non-equivalent positions 16c and 16d. In an A[B,]X, spinel the A
cations reside in the 8a tetrahedral interstices and the B cations in the 16d octahedral
interstices. There are thus 56 empty tetrahedral and 16 octahedral sites per cubic unit
cell.

It is known that spinel lithium manganese oxide compounds can be used in rechargeable
lithium cells that operate at approximately 4V and also at approximately 3V. Thus, it is
known that LiMn,O, can be used as an electrode material for 4V cells when used over
the compositional range Li; Mn,O, where 0<y<1, typically in a cell with a configuration:

Li/IM LiClO, in propylene carbonate/ Li; Mn,0O,

When vy is 0, this 4V cell is effectively in a discharged state. The cell is charged by
removing lithium from the LiMn,O, electrode thereby increasing the oxidation state of
the cations from 3,5 towards 4,0. During this process the cubic symmetry of the spinel
structure is maintained. During charging, lithium is deposited at the anode as
hereinbefore described. Aty = 1, the phase A-MnO, would result at the fully oxidized

cathode, but in pracﬁce it is extremely difficult to remove electrochemically all the lithium
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10
from the spinel strucﬂture. The Applicant believes that, at high voltages, some of the Mn**
ions tend to disproportionate according to the reaction: '
Mn3* — Mn** + Mn?*
and that the Mn** ions dissolve in the electrolyte and migrate to the lithium anode where
they are reduced and passivate the lithium electrode. This is naturally deleterious to the

performance of the cell.

The Applicant thus believes that it is possible to reduce the solubility of the spinel
electrode by preparing an electrode in which the Mn oxidation state is higher than it 1s
in LiMn,O,, ie by reducing the number of Mn’" ions in the spinel electrode and
increasing the concentration of Mn** ions in the electrode, bearing in mind that in
LiMn,O, there are an equal number of Mn** and Mn** ions in the spinel structure and

that the mean oxidation state of Mn therein is thus 3,5.

Thus, the oxidation state of the Mn cations can be increased by replacing manganese by
lithium in accordance with the formula Li,, Mn, O,., with 0<x<0,33 and 6=0 or by
increasing the concentration of E)xygen in the spinel with x=0 and 0<6<0,5, or by varying
both x and 9, in accordance with the invention. Instead, however, the oxidation state of
the Mn cations can be increased by doping the lithium manganese oxide with metal
cations such as Mg and Co, in accordance with the formulae Li, Mg, /22*'Mn2,,p4+ s O
Li;Co,,;’*Mn, O, 4 as hereinbefore described.

However, it is also known that LiMn,O, can be used as a nominal 3V électrode in lithium
cells, in which case it acts as a charged cathode. During discharge lithium ions are
inserted into LiMn,O, 'spinel cathode until a rock salt Li,Mn,O, stoichiometry is reached.
Typically such as cell has a configuration:

Li/IM LiClO, in propylene carbonate/Li,, Mn,O,

This spinel electrode operates as a two phase electrode over the compositional range
Li,, [Mn,]O, with 0<z<1. When lithium is inserted into LiMn,O, the cubic symmetry
of the spinel structure distorts due to the Jahn-Teller effect, to tetragonal symmetry, ie
when the Mn oxidation state is approximately 3,5. This distortion process is accompanied

by an expansion of the unit cell of approximately 6%. It has been found that Li, ., Mn,0,
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does not operate very effectively as a rechargeable cathode mate;ial in nominal 3V
lithium cells operable at about 2,7V, and the loss of the capacity that has been observed
on cycling has been attributed largely to the Jahn-Teller distortion.

Thus, when LiMn,O, is used as a cathode in carbon/LiMn,O, cells the following
disadvantages arise:
- the dissolution of Mn** ions as described above is brought about by the

disproportionation reactions set out above, and
- when loading cells in an overdischarged state the tetragonal phase in the
Li,,,Mn,0, electrode does not have good cycling properties.
!
These disadvantages are at least reduced in the electrochemical cell according to the

invention, as hereinafter described.

By way of non-limiting example, the use of compounds of formula (1) as hereinbefore
described as electrodes in electrochemical cells according to the invention can be
demonstrated by adopting the values of x =0,05, x=0,1 and x=0,2 for the formula
Li,, Mn, O, when =0 according to the invention or adopting the values of 0=0,1 and

d=0,2 when x=0, and comparing these with standard LiMn,0O, electrodes.

The differences in properties are set out in Table 1.
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TABLE 1

Electrode Starting | Mn Oxidation ; Composition of Theoretical Capacity of | Composition of

LiMlle;u 3,60 Llo ,zano‘u 133 mAh/g Lll ,2Mn204,1

3,70 Li0,4Mn204'2 101 IP_Ah/g Li1’4Mﬂ204,2

Although the theoretical capacities of the fully oxidized electrodes are less than that of
A-MnQO,, it is believed that this disadvantage i1s countered by the higher oxidation state
of the Mn cations in the starting electrodes as compared to LiMn,0, and which
suppresses the dissolution of Mn** cations when lithium is extracted from the electrode.
Moreover, these electrodes offer greater stability on cycling compared to LiMn,0, since
they can form overdischarged cathodes which have cubic not tetragonal symmetry to at
least those stoichiometries at which the oxidation state of Mn cations reaches 3,5+,
which then triggers the onset of the Jahn-Teller distortion.

The compounds of Table 1 can be formed as follows:
EXAMPLE 1 (control

LiMn,0O, was synthesized by reacting LiNO3;-H,O and chemically prepared y-MnO,
('CMD") in a Li:Mn atomic ratio of 1:2. The mixture was ball-milled in hexane, fired in
air for 48 hours at 450°C, and thereafter fired for a further 48 hours at 750°C. The X-ray
diffraction pattern of the spinel product is shown in Figure 3 (B), while Figure 4 shows
charge and discharge profiles of an electrochemical cell of the type Li/IM LiClO4 mn
propylene carbonate/LiMn,0, where the LiMn,0, was the product of Example 1, for the
first 10 cycles. The electrode capacity decreases with cycling as reflected by a plot of
the electrode capacity v cycle number given in Figure 12.

| Composition State of Spinel | fully oxidized fully Oxidized electrode at onset
(Discharged Electrode Spinel Electrode Electrode when of Jahn-Teller
| cathode) Mn = 4 +) discharged to distortion, ic when
stoichiometric spinel Mn Ox state =3,5 |
composition
LiMn,O, 3,50 Mn,04(AMnQO,) 154 mAh/g LiMn,04
LiliosMIll,gsOA; 3,56 Lio,zMn1,9504 132 mAh/g Lil,l-z_sMnl,9504 |
Lil,an1,9004 3,63 . Li{)’4MIl1,9004 110 mAh/g Li1,35Mn;,904
Li, ,Mn, 5O, 3,78 LiosMn, 50, 63 mAh/g | Li; sMn, O,
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EXAMPLE 2 (control) .
Example 1 was repeated, save that the LiNO,'H,O starting material was replaced by

LiOH-H,0O. The X-ray diffraction pattern of the spinel product is shown in Figure 3 (A),
while Figure 5 shows charge and discharge profiles of a cell of the type Li/1M LiClO, in
propylene carbonate/LiMn,O, where the LiMn,O, was the product of Example 2, for the
first 10 cycles. The electrode capacity decreases with cycling as reflected by a plot of the
electrode capacity v cycle number given in Figure 12. ‘

EXAMPLE 3

Li, oM, 4O, Was prepared by reaction of LiNO, H,0 and y-MnO, (CMD’), with Li:Mn
atomic ratio of 1,05:1,95. The mixture was ball-milled in hexane, and fired in air at 450°C
for 48 hours, and then at 750°C for a further 48 hours. The powder X-ray diffraction
pattern of the product is given in Figure 15 (A). Figure 6 shows charge and discharge

~ profiles of a cell of the type Li/IMLIiClO, in propylene carbonate/Li, ysMn, ¢;O, where

the Li; ,sMn, O, was the product of Example 3, for the first 10 cycles, while the improved
stability of the electrode as reflected by a plot of the electrode capacity v cycle number

given in Figure 13.

XAMPLE 4
Example 3 was repeated, save that the LiNO,-H,O starting material was replaced by

LiOH-H,O. The mixture was fired at 450°C for 48 hours, and then at 570°C for a further
48 hours. The X-ray diffraction pattern of the product is shown in Figure 15 (B), while

Figure 7 shows charge and discharge profiles of a cell of the type referred to in Example
1 and incorporating the product material of this example as electrode, for the first 10
cycles. The improved stability of the electrode as reflected by a plot of the electrode
capacity v cycle number given in Figure 13.

EXAMPLE 5>

Example 4 was repeated, save that the mixture was fired at 450°C for 48 hours, and then
at 650°C for a further 48 hours. The X-ray diffraction pattern for the product is shown
in Figure 15 (C). Figure 8 shows charge and discharge profiles for a cell of the type given

in Example 1, and incorporating the product material of this example as an electrode, for
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the first 10 cycles. The improved stability of the electrode as reflected by a plot of the
electrode capacity v cycle number given in Figure 13.

EXAMPLE 6 . _

Li,;Mn, O, was prepared by reaction of LiNO;H,O and y-MnO, (CMD’), with an
Li:Mn atomic ratio of 1,1:1,9. The mixture was ball-milled in hexane, and fired in air at
450°C for 48 hours. It was then fired for a further 48 hours at 750°C. The powder X-ray
diffraction pattern of the product is given in Figure 16 (A). The charge and discharge
profiles of a cell of the type given in Example 1 and incorporating the product material
of this example as an electrode, for the first 10 cycles, is shown in Figure 9. The
electrode capacity increases slightly with cycling, as reflected by the plot of the electrode

capacity v cycle number given in Figure 14.

EXAMPLE 7

Example 6 was repeated, save that the LINO, ;HZO starting material was replaced by
LiOH-H,O. The mixture was fired at 450°C for 48 hours, and then at 570°C for a further
48 hours.- The powder X-ray diffraction pattern of the product métg:rial is given in Figure
16 (B). The charge and discharge profiles of a cell of the type given in Example 1 and
incorporating the product material of this example as an electrode, for the first 10 cycles,
is shown in Figure 10. The electrode capacity increases slightly with cycling as reflected

by a plot of electrode capacity v cycle number given in Figure 14.

EXAMPLE 8
Example 7 was repeated, save that the mixture was fired at 450°C for 48 hours, and then

at 650°C for a further 48 hours. The powder X-ray diffraction pattern of the product is
given in Figure 16 (C). Charge and discharge profiles of a cell of the type given in
Example 1 and incorporating the product material of this example as an electrode, for the
first 10 cycles, is given in Figure 11. The electrode capacity increases slightly with cycling

as reflected by a plot of the electrode capacity v cycle number given in Figure 14.

The stability of the capacities of cells incorporating the compound according to the

invention as electrode, on cycling, is clearly demonstrated 1n Figures 6 to 11, 13 and 14.
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With reference to Figutes 17 and 18, the cells of Examples 2 and 3 were cycled between
2,7V and 4,5V, to compare their stabilities when cycled onto the cell plateau at 2,7V. The
cell in accordance with the invention (Figure 18) showed improved stability under these
conditions, as compared to the control cell, which is attributed to the suppression of the
Jahn-Teller effect in the electrode of the present invention. In other words, the cell in
accordance with Example 2 shows capacity loss at approximately 2,7V which is attributed
to tetragonal distortion due to the Jahn Teller effect, which distortion is suppressed in the
cell of Example 3. ‘ '

EXAMPLE 9

Li, ;Mn, ;O, was synthesized by reacting the stoichiometrically required amounts of lithium
and manganese from Li,CO; and y-MnO, (chemically-prepared CMD) at 650°C in air for
48 hours. The X-ray diffraction pattern of the spinel product or compound is shown in
Figure 19. The discharge and charge profiles of a cell of the type Li/1M LiClO, in
propylene carbonate/Li, ;Mn, O, where the Li, ;Mn, 4O, is the product material of this
example, for the first 10 cycles are shown in Figures 20A and 20B, respectively. The
stability of the electrode as reflected by a plot of the electrode capacity v cycle number
is given in Figure 21. A rechargeable capacity of 90 mAh per gram of Li; ;Mn, O, was

obtained from the electrode.

EXAMPLE 1

An electrode of composition LiMn,O,, s where 0<d<0.2 was prepared by reaction of
y-MnO, (CMD) and LiOH‘H,O in a 2:1 molar ratio, initially at 450°C for 48 hours,
followed by reaction at 600°C for 48 hours. The X-ray diffraction pattern of the product
is shown in Figure 22. The discharge and charge profiles of a Li/1M LiClO, in propylene
carbonate /LiMn,O,, 5 cell for the first 10 cycles are shown in Figure 23. This cell showed
a stable cycling capacity of approximately 115mAh/g (Figure 24).

The invention extends also to overdischarged cathodes formed from Li;, Mn, O,,,
electrodes (particularly to those in which the cubic symmetry of the precursor electrode
is maintained) in addition to delithiated cathodes formed from the Li, , Mn, O,,,

electrodes, as hereinbefore described.
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In Figure 25, a schematic sectional side elevation of a test cell in accordance with the

~ present invention is generally designated by reference numeral 10. The cell comprises a

‘housing 12 having an anode terminal 14, a cathode terminal 16 and a microporous

polypropylene cell separator 18 dividing the housing into a cathode cémpartment and an
anode compartment. An anode 20 is located in the anode compartment in contact with
the terminal 14. The cell cathode is designated 22 and is located in the cathode
compartment in contact with the cathode terminal 16; and comprises cathode material in
particulate form but compressed to form a mass held together by a
polytetrafluoroethylene (PTFE) binder and containing acetylene black in conventional
proportions as current collector dispersed therein. The anode and cathode are coupled

together by an electrolyte 24 comprising a 1 Molar solution of LiClO, dissolved in a

solvent which is propylene carbonate.

The part 12.1 of the housing 12 which defines the anode compartment and contains the
anode is electronically insulated at 26 from the part 12.2 of the housing which defines the

cathode compartment and contains the cathode.

Al
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CLAIMS:

1. An electrochemical cell which comprises

a cell housing;

a cathode located in the cell housing, the cathode comprising at least one
electrochemically active compound of lithium, manganese and oxygen, having a spinel-

type structure and having the general formula
L1DxpMny O4qs (1)

where (1) X 1s a number such that 0< x <0,33;

(1) o 1s a number such that 0<6<0,5, with the values of x and & being such
that the oxidation state N of the manganese is 3,5<N<4,0;

(i1) D 1s a mono- or multi-valent metal cation; and

(iv) b 1s the oxidation state of D; and

an electrolyte located in the cell housing,
with the cell housing, electrolyte and cathode arranged to permit a charging potential to
be applied to the cell to cause lithium from the cathode to form, in the cell housing, at
least part of the anode, while the electrolyte couples the cathode electrochemically to the

anode, and insulates it electronically therefrom.

2. An electrochemical cell according to Claim 1 wherein, in respect of the

compound, D 1s L1 so that b is 1, with formula (1) then being Li;;,Mn,_,O4.5 compound.

3. An electrochemical cell according to Claim 1 wherein, in respect of the
compound, D is Mg so that b is 2, with formula (1) then being Li;Mg,,”"Mn,_ Oy.s

3 An electrochemical cell according to Claim 1 wherein, in respect of the

compound, D is Co so that b is 3, with formula (1) then being Li;Co,;;> Mn,_ O..s.

5. An electrochemical cell according to Claim 1 wherein, in respect of the
compound, 0<x<0,2 and 0<6<0,2 so that 3,5<N<3,78.
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0. An electrochemical cell according to Claim 5 wherein, in respect of the
compound, 0<x<0 1 and 0<06<0,1 so that 3,5<N<3,74.

7. An electrochemical cell according to Claim 6 wherein, 1n respect of the
compound, 0=0 and 0<x<0,1 so that 3,5<N<3, 63.

8. An electrochemical cell according to Claim 7 wherein, in respect of the
compound, 0<x<0,05 so that 3,5<N<3,56.

9. An electrochemical cell according to Claim 1, wherein the cell housing itially
contains, as at least part of the anode, electrochemically active lithium, the anode being
electrochemically connected to an anode terminal, and the active lithium being selected
from the group comprising lithium metal, a lithium/aluminium alloy, a lithium/silicon

alloy, a lithium/carbon compound and mixtures thereof.

10.  An electrochemical cell according to Claim 1, wherein there is initially no

electrochemically active lithium in the housing and which forms part of the anode.

11.  An electrochemical cell according to Claim 1, wherein the electrolyte comprises
a lithium salt selected from the group comprising LiClO,4, L1AsFg, LiBF, and mixtures
thereof, dissolved in an organic solvent selected from the group comprising propylene
carbonate, ethylene carbonate, dimethoxy ethane, dimethyl carbonate and mixtures
thereof, with the anode being separated from the cathode by a microporous separator of
electronically insulating material which is permeable by and impregnated by the

electrolyte.

12. A method of making an electrochemical cell, which method comprises
loading, into a cell housing, an electrolyte and a cathode comprising at least one
electrochemically active compound of lithium, manganese and oxygen, the compound

having a spinel-type structure and having the general formula

Lile/bMHZ-xO4+8 ( 1 )
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where (1) X 18 a number such that 0<x<0,33;

(11) 0 1s a number such that 0<0<0,5, with the values of x and ¢ being such

that the oxidation state N of the manganese is 3,5<N<4,0;

(111) D 1s a mono- or multi-valent metal cation; and

(iv) b is the oxidation state of D; and

arranging the electrolyte and cathode in the housing to permit a charging
potential to be applied to the cell to cause lithium from the cathode to form, in the cell
housing, at least part of an anode, while the electrolyte couples the cathode

electrochemically to the anode, and insulating it electrochemically therefrom.

13. A method according to Claim 12, which includes the step of producing the
cathode compound by reacting a lithium containing component selected from lithium
salts, lithium oxides, lithium hydroxides and mixtures thereof, and that decomposes
when heated in air, with a manganese containing component selected from manganese

salts, manganese oxides, manganese hydroxides, lithium manganese oxides and

mixtures thereof, and that also decomposes when heated in air, at a reaction temperature

of 300-750°C for a period of 2-96 hours, to provide the compound of formula (1).
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