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A spinel-type of lithium-rich lithium manganese oxide, kMn, 4O,, was prepared and studied electrochemically and structurally

as a positive electrode of a Li-ion battery. In cycle performance tests, capacity losses were 3 and 11 mAh/g after 75 cycles at 25
and 55°C, respectively, corresponding to 15 and 50 mAh/g for a normal lithium manganese oxideQkiMimeir losses were

divided into two parts; one resulting from the deterioration of the active material itself and the other due to the poor conduction
of the active material to the collector. The former and latter contributions to the losses at 55°C were 2 and 9 mAh/g, respectively
for the Li-rich spinel, and 18 and 32 mAh/g, respectively for the normal spinel. The capacity loss by the poor conduction was
apparently much larger for both spinels of positive electrodes. Cycle performance tests in each region of the charge states divided
into five regions show that relatively larger capacity losses were observed in lower potential states. However, in every region, a
capacity loss for the Li-rich spinel was much smaller than that of the normal spinel. There was a close relation found between
capacity losses in the storage and those in the cycle. Electron densities spreading between manganese and oxygen atoms were
larger in the Li-rich than in the normal spinels. Thus, it turned out that the structure of the Li-rich spinel was made more stable
because of strong Mn-O bonds.
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Lithium-ion batteries are currently and widely used in mobile cycles and storages. We discuss capacity losses of the lithium man-
phones because they have advantages over other kinds of batterieggnese oxide positive electrodes and electron densities around Mn-O
such as high potential and specific energies. Thus demands afeondings measured by X-ray diffractions.
climbing. Further developments of large-sized lithium-ion batteries
are strongly required for electric and hybrid vehicles. So the higher Experimental
performance in terms of safety, environment friendliness, and cost,

are to be expected. In these respects, a spinel-type of lithium man- Iéi/l_aterials.h—A Ii}fhium-rich manrg]]a(r;ese %Xidi was prep'aredl ac-d
ganese oxide for lithium-ion batteries is much safer, much lower incording to the seli-reaction method by the Japanese Metal an

cost, richer in natural resources, and more permissible in an envi-Chem!Cal Co., Lto_I(JMC).B First, 7.58 g of LING (99%, Wako Poure
ronmental standard as a positive electrode, when it is compared wit hemical Industries, Ltdand 58.54 g of Mn(NG),-6H,0 (994"
the conventionally used LiCoQpositive electrode. ako Pure Chemical Industries, Ltdvere dissolved together in a
o . - 20 mL of distilled water to form an aqueous mixture. Into the solu-

However, I|th|u_m manganese oxide positive electroc_ies aretion was added 33 g of 20% polyvinyl alcoh@Vako Pure Chemical
known to lose their capacity to a great extent at such a high temindustries, Ltd)aqueous solution with stirring. Then the mixed so-
perature as 55°&7 For the past several years, many studies havelution was heated at 150°C to react. The black powders obtained
been done about the causes of the loss and to develop a positiugere ground and were then calcined in an alumina crucible at 750°C
electrode with less capacity loss at high temperattirasaong for 6 h, with them kept in a conventional electric furnace. For com-
these, there has been the preparation of partially substituted mangaarison, LiMnO, was also synthesized.
nese spinels, LiMp_,M,O,, where M is a metal atom such as Li, The 1:2 solvent mixture of ethylene carbondi) to dimethyl-
Al, or Cr* Some of these examples of lithium-rich lithium manga- carbonat¢DMC) with 1 M LiPFg dissolved was given by the Mitsui
nese oxides showed better cycle performance to some extent. ~ Chemical(Tokyo, Japanand contained less than 10 ppm of®

We have already done some studies on the mechanisms of capa¢he 2:1 mixture(CB-2) of acetylene black binder to pdlgtrafluo-
ity loss in lithium manganese oxide positive electrotie§ They  roethylenewas available from Soei Tsusti@saka, Japan).

included cycle and storage performance tests in each state of charge \jeasurements.—Elemental analyses of the sample was done
and capacity recovery tests with the addition of a conductor to awith a fluorescent X-ray spectrometric method. The contents of Li
positive electrode after cycles. Through these studies, it was undefand Mn in the lithium manganese oxide and Mn on Li negative
stood highly significant it is for improvement of lithium manganese electrodes were obtained with the conventional methaing an
oxide positive electrodes to know how the capacity losses are im-Hitachi 180-50 atomic absorption spectrophotometer. Cyclic volta-
proved particularly in lithium-rich lithium manganese oxides. More- mmogramgCVs) were measured with a BAS-100B electrochemical
over, it seems that Mn ions, dissolved out of a lithium manganeseanalyzer at a scan rate of 0.1 mV/s. The working electrode was the

oxide positive electrode, cause a severe capacity loss of a carbofixture of 2/3 of the lithium manganese oxide powder and 1/3 of
negative electrodéHowever, with respect to the thium-rich lithium ~ the conductor, CB-2, and both the counter and reference electrodes
manganese oxides showing good cycle performances there hay¥ere lithium foil. o )

The powder sample was sealed in a silica glass capilaB/mm

been few studies yet on the Mn dissolution out of the electrode. inner diam). To collect an X-ray powder pattern with good countin
In the present study, we report a series of electrochemical char- : Yy P P Y 9

I o . ) ” statistics, the synchrotron radiation X-ray powder experiment with
acteristics of a lithium-rich Li;Mn; O, positive electrode and large Debye-Scherrer camera equipped with an imaging plate

amounts of Mn dissolved from the electrode at high temperature,ss carried out at SPring-8yogo, JapanBL02B21° The expo-
sure time was 1 h. The wavelength of incident X-rays was 0.497 A.
The X-ray powder pattern was obtained from 5.0° to 43.0° i 2
2 E-mail: sano@info.human.nagoya-u.ac.jp which corresponds to 0.68 A resolution drspacing.
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Electrochemical cells and cycle performance testEhe mixture 4.5
of 2/3 of the lithium manganese oxide powder and 1/3 of CB-2 was = D > 1st
pressed carefully at 200 kg/érto make it into a disc for a positive - 2nd
electrode of a cell and was then dried at 150°C for 6 h. Cycle — 3rd-10th
performance tests in charge/discharge were done on a coin-type cell \ 11th

(CR-2032) assembled with Li metal/the electrolytéethylene
carbonate/dimethyl carbonate, EC/DME 1/2 with 1 M LiPF;)/the [ —
positive electrode and Celgard 2400 as a separator. Charge/discharg:__ \
curves were recorded galvanostatically with a Nagano BTS-2004 at 2. 4.0L \ a
a current density of 0.5 mA/cmThe cutoff potentials for the charge
and discharge limits were fixed at 4.5 and 3.5v¢.Li/Li *), respec-
tively. All processes of assembling and dismantling the cells were
carried out in an argon atmosphere in a glove Bdxcuum Atmo-
sphere Co., CA).

Voltage

| —p] % - -
100-80| 80-60 | 60-40| 40-20 | 20-0
Addition of the conductor to the positive electrode after
cycles.—Positive electrodes were taken out of the coin-cells after 3.5
cycles. The active material was kneaded enough with an additional 100 80 60 40 20 0
conductor, CB-2consequently, the final weight ratio of the lithium
manganese oxide to CB-2 was about)1The mixture was pressed Charged state (%)
carefully at 200 kg/crhto make it into a disc for the positive elec-
trode of the cell and was then dried under vacuum for 3 h. Then each
positive electrode pellet was assembled again into a coin-cell con-
sisting of Li metal as the negative electrode, the electrolyte
(EC/DMC = 1/2 with 1 M LiPF;), and the positive electrode.
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Cycle performance in each state of chargd-igure 1a is a cycle
order diagram of the experiment. Firstly, the positive electrode was
charged up to a cutoff high voltage limi4.5 V) and successively
discharged down to 3.5 V after a short stop to evaluate its discharge
capacity. The cutoff voltages were determined with the capacity di-
vided equally in five; they were 4.5, 4.159, 4.124, 4.056, 3.997, and
3.5V for the Li-rich, and 4.5, 4.146, 4.137, 4.040, 4.002, and 3.5V
for the normal. Secondly, it was charged to each higher cutoff volt- &
age and discharged to each lower cutoff voltage in each region, and 8
then such charge-discharge cycles were repeated eight times in eacl® 20 |axm
region of five divisions of the discharge capacity. In the eleventh
cycle, it was fully charged to the cutoff voltagd.5 V) and then

arge capacity (mAh/g
&
]
o]

&

discharged to 3.5 V to measure the discharge capacity and such 0 L L L L
cycles were successively repeated. Figure 1b shows the results of 20 40 60 80 100
the sequence of measurements described above. In the first cycle Cycle number

the full discharge capacity was measured; from the second to tenth

cycles the discharge capacities in each higher and lower cutoff voltFigure 1. Cycle order diagraniFig. 1a)and discharge capacitiésig. 1b)at
ages in each region were obtained, and in the eleventh cycle the fukach state of charge of the sample.

discharge capacity was measured. Thus, this procedure led to an

estimate of the capacity in each region during charge/discharge

cycles. Results and Discussion

The prepared lithium manganese oxide was analyzed chemically

nd identified as Li;gMn; odO4 which is a Li-rich lithium manga-

Storage experiment of the lithium manganese oxide as a positiv . L . - : .
electrode at each constant potentialA cell was charged up to 4.5 %ese oxide. XRD analysis of the samp!e .dEf'n'tEIy |nd|cate's Its spi-
nel structure and the crystal structure is indexed to a cubic system

V and then discharged down to 3.5 V to measure its discharge ca- . . . i
pacity. It was charged up again to each voltage with each state opith a lattice parametea, of 8.2088 A, and then is defined to the

charge; the voltage was 3.939, 3.976, 4.003, 4.038, 4.077, 4.1115Pace grouf-d3m. The surface area of the material is estimated to
4.134, 4.155, or 4.194 V for the 10, 20, 30, 40, 50, 60, 70, 80, 0r3.28 m’-/g with a Brunauer-Emmett-Teller method. A normal
90%, respectively. Each cell was stored galvanostatically at 55°C fol-iMN 204 spinel was also prepared with the similar method in order
a week at each constant potential maintained by using a Nagant® compare with the Li-rich lithium manganease oxide and was
BTS-2004. Similar procedures were also done at 3.5 V for the 0%chemically identified to Li ogVin, ofO4 With a lattice parametea of
charged state and at both 4.3 and 4.5 V for the 100% charged stat8.2387 A. _ _ _
After storage, the cell was charged up to 4.5 V and discharged down For a comparison of electrochemical properties of the prepared
to 3.5 V to measure its discharge capacity at room temperatureli-rich spinel with those of a normal spinel, LiM®,, their CVs
After the storage experiment was finished, each cell was dismantletvere measured at cutoff voltages between 3.0 and 4.5 V, as shown in
and the Li metal as a negative electrode in the cell was taken out tdig. 2. The CV of the Li-rich spinel shows two gentle redox peaks,
measure its Mn contents on the Li metal. while there are two sharp redox peaks at about 4.00 and 4.16 V for
the normal spinel.
The initial charge capacity measured was 105 mAh/g for the

Maximum entropy method (MEM) analysis from powder Li-rich spinel. The theoretical capacity can be estimated from the
XRD.—The charge densities were obtained by the MEM/Rietveldchemical composition with or without oxygen deficiency. However,
method. The detail of the method is described elsewhere. no oxygen deficiency in Li;Mn, (O, is suggested from the result of
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Figure 2. Cyclic voltammograms ofsolid line) Li, ;Mn; 4O, and (broken and LiMn,0; at 25 and 55°C.
line) LiMn,O,. ¢

measured. These contents were assumed to be equal to the amounts
CV measurements showing no apparent redox peaks at 323 V. of manganese ions dissolved into the solution out of positive elec-
Thus, the theoretical capacity was estimated to 106.6 mAh/g, androde material. For the Li-rich spinel, the amounts of dissolved man-
this is in good agreement with the observed capacity above. ganese after the cycle were 0.3 and 1.0% by weight at 25 and 55°C,
. ) __respectively, while those of dissolved manganese for the normal

Performances c_>f charge/discharge cycles and Mn dlssolutlon_sspine| after the cycle were 0.5 and 2.0% at 25 and 55°C, respec-
after the cycle.—Figure 3 shows the cycle performances of the Li-yely Consequently, manganese contents from the Li-rich spinel
rich and normal spinels as positive electrodes at 25 and 55°C. Firsiyare about a half of those from the normal spinel.
all the cells were charged and discharged 5 times at 25°C and then
cycle performances tests were done at 25 and 55°C, respectively, for The recovery of capacities by the addition of the conductor after
75 cycles. The results are shown in Table | together with other datathe cycles.—In order to acquire more information about the causes
Discharge capacities of the Li-rich spinel were 100 and 92 mAh/g atfor the capacity loss during the cycles, each positive electrode was
25 and 55°C, respectively, after the cycles. Capacity losses at 25 anken out of the cells after the cycles at 25 or 55°C and each active
55°C were found to be 3 and 11%, respectively. On the other handmaterial was kneaded enough with additional conductive material,
discharge capacities of the normal spinel were 117 and 83 mAh/gCB-2. Then a positive electrode pellet from the above mixture was
and their corresponding capacity losses were 12 and 38% at 25°@ssembled again into a cell and its discharge capacity was measured.
and 55°C, respectively. Therefore, better cell performance is ex- The results are given in Table | and Fig. 4 and compared with
pected for the cell with a lithium-rich lithium manganese oxide as athose of the normal spinel. The capacities increased to 102 from 100
positive electrode than that with a normal spinel at either 25 ormAh/g, and to 101 from 92 mAh/g after the cycle at 25 and 55°C,
55°C. While the positive electrode of a lithium-rich spinel has a respectively. Similar capacity recoveries were already observed in
lower initial capacity than a normal spinel, it is noted that the cycle our previous study as wellSuch recovery of capacity is a result of
performance of the Li-rich spinel is better than that of the normal the improvement of the poor conductivity with the addition of con-
spinel after 30 cycles at 55°C. ductive material to the active material of the positive electrode.

After the cycle performance tests were finished, the amounts ofTherefore, it is understood that ionic or electric conductions in the
manganese deposited onto the lithium metal negative electrode wengositive electrode decrease during cycles and they are recovered

Table I. Recoveries of capacities by the addition of the conductor to the cathodes after the cycle at 25 and 55°C.

Li; ;Mn; O, LiMn,0, Li; ;Mn; O, LiMn,0,

25°C 25°C 55°C 55°C
Initial discharge capacitymAh/g) 103 133 103 133
Discharge capacity after the cycle at 2504@Ah/g) 103 132 103 132
Discharge capacity after the cydlmAh/g) 100 117 92 83
Recovery of the capacitymAh/g) 102 128 101 115
Capacity loss from deterioration of the active 1 5 2 18
material itself(mAh/g) (337 (31) (18) (36)
Capacity loss from the poor conductiégmAh/g) 2 11 9 32

(66) (69) (82) (64)
Mn dissolution(%) 0.3 0.5 1.0 2.0

2The parenthesis is the rati{o) to the total capacity loss.
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25°C 55°C Table IIl. Cycle performances in each state of charge after 100
and 150 cycles at 25 and 55°C, respectively.

LiyaMn1 904  LiIMNyO4  Lij 1MN; 90,4 LiIMNO4 Ratio of capacity losgpercent)

. 33 . j s £ ch 25°C 55°C
1 ' 1133 i tate of charge
50 E 128 | E (%) Li;Mn, O,  LiMN,O, Lig Mn O,  LiMn,0,
i | : 0-20 1.4 12.2 5.6 30.8
I : | ' 20-40 15 141 5.9 24.1
120 + ' H ' 40-60 1.4 9.2 4.6 22.7
i H ' 60-80 1.7 9.0 4.4 174
— [ ! ! ! 80-100 1.5 4.8 2.8 12.9
O 110 | 1 i |
S ] I 1
= I 1 '
< ] I ]
E 100 i : i decrease of the capacity losses at the lower voltage regions contrib-
‘; | ' ' uted to improving the cycle performance of the Li-rich spinel.
= 1 | 1
hra I ) |
8 90 ! ! ' Storage performances of positive electrodes at constant
Q ' ! ! potentials.—We previously observed potential shifs of lithium man-
8 ! ' ! ganese oxide electrodes to higher voltages in high temperature
80 ' ' ! storage® Therefore, it was difficult to specify in what regions the
' ! ' capacity loss _appear_ed. Then in_the present work, we performc_ad
! ! ! storage experiments in the following way; a cell was charged until
70 the potential reached the expected charge state, and then it was kept
\ at a constant potential at 55°C for a week. After the storage, the cell
before after after was cycled several times to measure the capacity at 25°C and then it
cycle cycle recovery was dismantled to take out the electrodes and the electrolyte solu-

Figure 4. Recoveries of the capacities with the addition of the conductor
to the positive electrode of LiMn, O, and LiMn,O, after cycling at 25
and 55°C. 140

55 ©
LiM n204 c

130 -

o wda

with the above procedure. However, the capacity loss still remaining
after the addition of the conductor is thought due to the deterioration
of the active material itself. So, we propose that the cause of the
capacity loss of a positive electrode during the cycles can be divided
into two major ones; the deterioration of the active material itself

and the poor conduction between the active material and collector;
the conduction lessening.

For the Li-rich spinel at 55°C, the capacity loss due to the dete-
rioration of the active material itself was 2.0 mAh/g and this is much
lower, as seen from a comparison with 18 mAh/g for the normal
spinel. On the other hand, the capacity loss resulting from the con-
duction lessening was 9 mAh/g and this was also much smaller than ) I p 0-20
the 32 mAh/g of the normal spinel. Ratios of the capacity loss due to 1 51 101
the former cause to that from the latter one were found to be 1:2 and cycle number
5:11 at 25°C for the Li-rich and the normal spinels, respectively, and 140
2:9 and 18:32 at 55°C. The capacity loss by the conduction lessen- 25 oC
ing was apparently much larger for both spinels. The deterioration of v
the active material itself and the conduction lessening between the 130 F § 8 M
active material and collector could depend on the strength of 2
Mn—O bond and the reactivity of surfaces of lithium manganese
oxides. Thus, this suggests that for the Li-rich spinel-M@ bonds
and reactivity of the surface would be stronger and lower than those
of the normal spinel.
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Cycle performance at each state of chargdo specify in what
region the capacity loss was caused, cycle performance was exam-
ined at each state of char§@he whole range of charge capacities
was divided into five parts between 3.5 and 4.5 V as shown in
Fig. 1. Within each of the divisions, a cycle test was carried out to
measure the rate of the capacity loss so that it was possible to
specify the region where a particular capacity loss was observed. S
Table Il and Fig. 5 show the results of the Li-rich and the normal 1 51 101 151
spinels at 25 and 55°C. Less capacity losses are observed for the cycle number
Li-rich spinel. The order of the good performances at 55°C was as
follows; 80-100> 60-80 = 40-60> 0-20 = 20-40. This order  Figure 5. Cycle performances of discharge capacities at each state of charge
is roughly the same as that for the normal spfhi¢lis noted that the in Li, ;Mn, O, and LiMn,O, at 25 and 55°C.
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1000\ 1 T T T 1 - f;? 1.5 Table lll. Storage performances of the graphite negative elec-
Li1.iMNy 904 ',g—;:e'—‘-—l——-:'&'----' trodes with Li; ;Mn; O, and LiMn ,0, positive electrodes for 7
oS g,f—‘e 4 days at 55°C.
- H s, capacity ] -
® { - i % g Li; sMn; 6O, LiMn,0,
“u : ’ 1 8 0
:_g 90 |} ,o' % 1.0€ 9, Initial discharge capacity 277 279
g [/ 15z (mAN/g)
8_ L LiMnyOy : 25 Discharge capacity after the 193 179
S v 4 8 storage
o) B \e,’ H (mAh/g)
g * Ratio of the capacity loss 30 36
£ p---kiMN204 ~ (%)
L A77rae a, i i i
2 80 . “a_ Mn dissolution #1105 Quantity of Mn dissolution 1.05 1.54
/ ~ Ea (ng/mg of the graphite
“6 It — A A~‘~A_--A,_ /——A
P P § < \A_{—jf i
? rd s _a—a” | ) . .
Liy 1M 904 the capacity was measured. The result is shown in Table IIl. The rate
] of the capacity loss of the negative electrodes was 30 and 36% for
70 1 0 the Li-rich and the normal spinels, respectively, and Mn dissolution
0 20 40 60 80 100 for the Li-rich spinel is about 2/3 of that for the normal spinel.
Although the extents of the decrease of the Mn dissolution and the
state of charge (%) capacity loss of the negative electrode were larger in the Li-rich

spinel than in the normal spinel, such results are not considered to
Figure 6. Storage performances and Mn dissolution of {Mn, O, and be satisfactory enough with respect of the improvement in batteries.
LiMn,O, at each constant potential at 55°C for a week.
Electron density on Mr-O bonds estimated from the structural
analyses with the XRDs-As seen above, the Li-rich spinel showed

less capacity losses in storage and cycling, and less Mn dissolutions

tion. Mn contents deposited on a Li metal negative electrode were,q \ve|| This is considered partly due to stronger-M@ bonds in a
also measured and estimated as the amounts of Mn ion dissolved OWE_rich lithium manganese oxid¥. Then, precise charge densities of

of th_e positive electr_ode. . both the Li-rich and normal spinels were analyzed by the MEM/
F'gwe 6 summarizes the_ results together with those of the NOMRietveld method and the MaO bonding electron distributions
mal spinel. For the Li-rich spinel, there was the largest capacity loss d.Th iqhted profile reliability f d th
at 20% of the state of charg8&OC)and almost no capacity losses were measured. 1he weigt ted profi € relia .|.|ty acky, an the
were observed at both 0 and 100% of SOC. Although the results ofe/iability factor based on |£1tegrated intensiti&y, of the Rletoveld
the Li-rich spinel were similar to those of the normal spinel, the rate analysles were 3.4 ?nd_l?,HQ A’NTEthhe I_||-r||ch_ and 4.9 and 53/0 for the
of the capacity losses was significantly less than in the normal spi’0rmal, respectively. The MEM calculation was carried out in
nel. It should be noted that for the Li-rich spinel, the order of the 64 X 64 X 64 pixels per cubic unit cell using the computer pro-
good cycle performances is as described above; at 80-100 offam ENIGMA: ) _ )
SOC> at40-60 and at 60-80 at 0-20> at 20-40%. The order . 1he MEM electron density mapping dfL00} plane is shown
roughly agrees with the order of the capacity loss in the storage'dn Fig. 7 for bOtg sp;}gels. Thfe corg)t%urs c2)f0ele/(/:&tro_|[1hden|5|tles are
experiments. For the normal spinel, the largest capacity loss ob- rar":j at eve(;y .](Ie d)' st%p rgn; Oto20e d e electrons
served at 10% of SOC also agrees with the worst cycle performancgﬁo ed more densely distributed between Mn and oxygen atoms in
at 0-20% of SOC. Thus, the capacity loss in the storage is thought wdhe Li-rich spinel; while they were relatively dispersed in the normal
have a large effect on the cycle performance. spinel. As a result, Mn-© bonds of the Li-rich spinel were rela-
We will briefly mention the relation between the capacity loss tively strong and such stronger MaO bonds would make the main
and the Jahn-Teller effect. Little capacity loss was observed at 0% offamework of the spinel structure tighter. More rigid framework of
SOC. At this state, M# ions are expected to reach their maximum thg Li-rich spln_el resulte_d in disturbing Mn dissolution 0L_1t of the
quantity from a point of the chemical formula, in which the largest SPin€l. No obvious relation was found between the Mn dissolution
Jahn-Teller effect will be anticipated. This suggests that there is nd"d the capacity loss as described above, but it should be pointed
apparent connection of the capacity loss in the storage with theout that the crystal structure of lithium-rich spinel was a little harder
Jahn-Teller effect. to collapse due to its more rigid framework than that of a normal
Then, let us describe the Mn dissolution in the storage and con/hanganese spinel.
sider its relation to the capacity loss. Amounts of manganese ions Mn—O bond strength estimated from the measurements of IR

dissolved into the solution for the Li-rich spinel were less than thosespectra.—lR spectra was measured with KBr discs and the strength

for the normal spinel. The Mn dissolution from the positive elec- of Mn—O bonds in the spinels was estimated. A band appearing at
trode was prevented more effectively in the Li-rich manganese oxide _ P ) pp g

than in the normal spinel. The maximum Mn dissolution were found 617 €M * was assigned to that of the MrO stretching of LiMRO,

at the highest potential region, that is, at 100% of SOC, while accordw_lg to t_he literatuf@ and this band Sh'ﬂgd to 6.25. crh f_or

amounts of dissolved Mn ions were relatively small in other regions.(N€ Li-rich spinel. As the amounts of substituted lithium in the

However, almost no capacity loss is observed for the Li-rich spinelSPinels increased, these peaks shifted to higher wavenumbers. This

at 100% of SOC. Therefore, no apparent relationship existed be&lso confirms that Ma-O bonds in a Li-rich spinel are stronger than

tween them and it suggests a close relation between solvent decorf?0S€ in a normal spinel. .

positions and Mn dissolutions. As means to suppress the Mn disso- Here we briefly consider why the covalent bonding of-M®

lution, it is suggested to set a cutoff voltage lower than 4.5 V atis tightened more in the Li-rich spinel. The chemical composition

100% of SOC. of this compound is Li;Mn; O, and it can be expressed as
Storage performances of a graphite negative electrode were ex:i; ;Mn3*y-Mn**, ;0,. Quantities of MA* and Mr?** increase and

amined using the Li-rich or the normal spinel as a positive electrodedecrease, respectively, in comparison with the normal spinel of

at a high temperature. After a graphite negative electrode was leftiMn3"; Mn**; O,, where thes-type covalent bond of Ma-O

for 1 week at 55°C, the charged graphite was then discharged anstrengthens as frequently observed in coordination compd(inds.
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Figure 7. Electron distribution maps in LiMn,; O, and LiMn,O, with the
MEM/Rietveld method.

Conclusions

the normal spinel. From the cycle performance tests, the capacity
loss during cycles was found to be divided into two kinds; one was

a capacity loss resulting from the deterioration of the active material

itself and the other was from the conduction loss of the active ma-

terial to the collector. The former capacity losses were 2 and 18
mAh/g at 55°C, and the latter ones are 9 and 32 mAh/g at 55°C for
the Li-rich and normal spinels, respectively. The capacity loss by the
poor conduction is apparently much larger for the positive electrode
material.

Cycle performance tests in each region of the charge states di-
vided into 5 regions show that relatively larger capacity losses are
observed in lower potential states. However, in every region, a ca-
pacity loss for the Li-rich spinel was much smaller than that of the
normal spinel. There was a close relationship found between capac-
ity losses in the storage and those in the cycle. Electron densities
spreading between manganese and oxygen atoms were larger in the
Li-rich than in the normal spinels. Thus, it turned out that the struc-
ture of the Li-rich spinel was made more stable by strong-Mn
bonds.
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