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Factors Influencing the Irreversible Oxygen Loss and Reversible
Capacity in Layered Li[Li 1/3Mn23O2—LIi[M]O 2 (M =
Mno5-yNigs5-yC0o, and Ni;—yCoy) Solid Solutions
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The electrochemical chargelischarge properties of the layered 1 Z)Li[Li 1/3Mn235]O2*(2)Li-
[Mngs-yNigs-yC0y]O, (y = 1/12, 1/6, and 1/3 and 0.25 z < 0.75) and (1— z)Li[Li 1/sMn3]O2+(z)Li-
[Ni;—yCa]O, (0 = y = 1 and 0.2< z < 0.7) solid solution series have been investigated with an aim to
identify the factors that control the amount of oxygen loss from the lattice during the first charge and the
reversible capacity values. The first charge profiles exhibit an initial sloping region A followed by a
plateau region B around 4.5 V. The sloping region A is found to be determined by the initial average
oxidation state of the transition metal ions and their oxidation to lhd C&-¢" with Mn remaining as
Mn#*t. The plateau region B, which corresponds to an irreversible loss of oxygen from the lattice, is
found to be determined by the amount of lithiumin the transition metal layer of the solid solution
Li[Li ,M1-,]O.. However, high MA" content causes a decrease in oxygen mobility and loss. Moreover,
the tendency of Ni to get reduced to Ri and the consequent volatilization of lithium during synthesis
alter the lithium content in the transition metal layer and thereby influence the degree of oxygen loss and
reversible capacity values.

Introduction beyond M, its solid solutions with other LiM@oxides
exhibit good electrochemical activity.

However, the Li[LisMny3]O,—LIMO, solid solutions
exhibit two distinct regions during the first chargjé While
the initial sloping region corresponds to the oxidation of the
transition metal ions to Kft, the following plateau region
around 4.5 V corresponds to an irreversible loss of oxygen
from the lattice as has been confirmed by in situ X-ray
diffraction® and differential electrochemical mass spectrom-
etry studies? The lithium extraction accompanying the
oxygen loss facilitates the lowering of the oxidation states
OIof the transition metal ions at the end of the first discharge
and thereby a high reversible capacity in the subsequent

Lithium ion batteries have revolutionized the portable
electronics market since their commercialization first by Sony
Corporation in 1990. They are also being intensively pursued
for electric and hybrid electric vehicle applications. Lithium
ion cells for portable electronic devices such as cell phones
and laptop computers are currently made largely with the
layered LiCoQ cathode. However, only 50% of the theoreti-
cal capacity of LiCo@ can be utilized in practical cells
because of the chemical and structural instabilities at deep
charge with (1— x) < 0.5 in Li;-xCoQ,'2? as well as safety
concerns. These drawbacks together with the high cost an
toxicity of Co have created enormous interest in alternative ;
cathodes. In this regard, solid solutions between Iayeredcharg&dlscharge cycles. ,

Li[Li 1/Mn4]O (commonly designated as MnOs;) and Howeve'r, the amqunt of oxygen Iogs f.rc')m the lattice gnd
LIMO, (M = MnosNios Co, Ni, and Cr) have become the reversible capacity values_dnffer 5|gn|f|car_1tly depe_ndmg
appealing as they exhibit a high reversible capacity of around YP°N the composition of the Li[k&Mn2]O,~LIMO solid

250 mAh/g with a lower cost and better safety compared solutions. With an aim to understand the factors that control
to the currently used LiCograthode 13 Although LiMnOs the degree of oxygen loss and the subsequent capacity values,

is electrochemically inactive as it is difficult to oxidize W& Present here a systematic investigation of the charge
discharge behavior of a number of layered oxide solid
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Figure 1. Phase diagram of the Li[&Mnz3O2—Li[MnosNiogOa— Cu Ka 26 (degree)

LiCoO, system. The compositions studied in the{()Li[Li 13MnOz(z)Li- Figure 2. XRD patterns of the (1= 2)Li[Li 13Mn23]Oz(ZLi[Mn o 5-y-
[Mno5-yNios-yC0]O02 (y = 1/3, 1/6, and 1/12 and 0.25z < 0.75) system Nios-yC0n]O> (y = 1/6 and 0.3< z < 0.6) samples. The expanded region
are indicated by closed circles. on the right shows the superstructure reflections arising from an ordering

among Li", Mn**, and Nt

Experimental Section _ _
become less pronounced as the valueintreases as evident

All the samples presented in this study were synthesized by aom the expanded region shown on the right in Figure 2.
coprecipitation method in which the hydroxide precursors of the o ica| analysis indicated the Li content in the synthesized
transition metal ions were first precipitated from a solution o : . "
containing required quantities of manganese, nickel, and cobalt samples to be §|m|lar to that in the nom,",]al ComeSItlons
acetates by adding KOH, followed by firing the oven-dried for all these series of samples. The tra}n5|t|on metal ions are
hydroxide precursors with a required amount of Li®HO at known to exist as Mfr, Ni?*, and C8" in these materials.
900°C for 12 h in air and quenching into liquid nitrogen. All the ~ The observed compositions based on the experimentally
products were characterized by X-ray diffraction with Cae K determined lithium content and average oxidation state of
radiation. Lithium contents in the synthesized samples were the transition metal ions (M) are given in Table 1.
e e s Figure 3 compares the st chargdischarge profes o
was determined by treating the samples with a known excess ofthe (1= ZLi[Li 1/.3Mn2/3]Q2-(Z)LI[Mn 05-yNios-,C0]0, (0.25

< z < 0.75) solid solution samples fgr= 1/3 at 2.6-4.8

sodium oxalate and titrating the unreacted sodium oxalate with : . . .
potassium permanganate. V. The first charge and discharge capacity values are given

Electrochemical performances were evaluated with CR2032 coin IN Table 1. The samples in Figure 3 exhibit two regions (A
cells at 12.5 mA/g£C/20 rate) between 4.8 and 2.0 V. The coin @nd B) in the first charge profiles that are separated by a
cells were fabricated with the layered oxide cathodes, metallic dashed vertical line. While the initial sloping region A below
lithium anode 1 M LiPF in 1:1 diethyl carbonate/ethylene about 4.5 V corresponds to the oxidation of the transition
carbonate electrolyte and a Celgard polypropylene separator. Themetal ions, the plateau region B around 4.5 V corresponds
cathodes were prepared by mixing 75 wt % active material with to an oxidation of @ ions and an irreversible loss of oxygen
20 wt % conductive carbon and 5 wt % polytetrafluoroethylene from the lattice as pointed out earlier in the introductiof.
(PTFE) binder, rolling the mixture into thin sheets, and cutting into £y cant at a high Li[LisMn2O, content or lowz value
cwcular eIectrodgs of 0.64 c¢harea. The electrodes typically had (0.25), the first total charge capacity (regionstAB) and
an active material content of7 mg. ! . e .

the discharge capacity decrease with increagiogdecreas-
ing lithium contentn in the transition metal layer in
Li[Li ,M1-,]O, for they = 1/3 series of samples. Also, while

Li[Li 13Mn2/5]O2—Li[Mn ¢.5-yNio5-yC02]O2 Solid Solu- the first charge capacity in the initial sloping region A
tion. The compositions studied in the {1 Z)Li[Li 1/sMng3]- increases, that in the plateau region B decreases with
O (2)Li[Mn g5-yNio5-yC0x O (y = 1/12, 1/6, and 1/3 and  decreasing lithium contentin the transition metal layer as
0.25< z < 0.75) solid solution series are indicated by closed seen in Table 1 and Figure 4a for tige= 1/3 series of
circles in Figure 1. X-ray diffraction data indicated all the samples. The former is due to an increasing amount éf Co
samples to be single phase materials belonging to theand N?* ions (or a decrease in the average oxidation state
o-NaFeQ layered structure (O3 structure). However, in of the transition metal ions) in the samples that could get
addition to the reflections corresponding to the O3 layered oxidized during first charge. Table 1 gives the theoretical
structure, weak superstructure reflections were observedvalue of the first charge capacity calculated on the basis of
around @ = 20-25° for samples with high Li[LisMn23]O> the oxidation of the transition metal ions to MnNi*", and
content, which are known to correspond to the ordering of Co**. The calculated first charge capacity value agrees
the Li*, Ni?*, and Mri" ions in the transition metal layer of  closely with the observed value in the sloping region A,
the layered latticéS For example, the X-ray diffraction  suggesting that it may be difficult to oxidize Co beyond3.6
patterns of they = 1/6 series of samples are given in Figure without oxidizing the oxide ions. This could be due to a
2 for various values oz The superstructure reflections significant overlap of the Co**:3d band with the top of

Results and Discussion
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Table 1. Observed Chemical Compositions and Electrochemical Data of the Solid Solution Cathodes

first charge capacity
(mA-h/g)

calculated capacity first discharge calculated
region  region total in region A capacity IRCe oxygen
y z observed composition Wi A B (A +B) (mA-h/g) (mA-h/g) (mA-h/g) losg!
(1—2)Li[Li 15Mn23]O2* (2)LiMn o 5-,Nio 5-,C0py]O2
1/3 0.25  Li[Lio.2dMng 5Nig.04C0.1702 3.67 70 256 326 59 210 116 0.5
0.5 Li[Li0.16MNg.43Ni0.0éC00 3902 3.38 120 205 325 118 252 73 0.32
0.6 Li[Lio.19MINg.3MNi0.1C0p.4O2 3.29 135 185 320 134 239 81 0.26
1/6 0.3 Li[Lio‘zzMno,sé\“o,lcch,]]OZ 3.56 85 214 299 95 218 81 0.44
0.4 Li[Lio.2Mng 54Nio.14C00.1902 3.5 110 218 328 110 253 75 0.40
0.5 Li[Li0.16MNg 51Nig.17C00.17O2 3.38 135 169 304 140 231 73 0.32
0.6 Li[Lio.19VINg.4MNi 2C0p JO2 3.29 150 140 290 159 227 63 0.26
1/12 0.4 Li[Lio. 2Mng seNip.17C 00,0702 35 115 213 328 117 254 74 0.40
0.5 Li[Li0.16MNo 53Nig 21C00.0g O2 3.38 145 149 294 150 210 84 0.32
0.6 Li[Li0.11MNg sNig 26C00.1]O2 3.25 160 104 264 187 191 73 0.22
(1*Z)L|[L| 1/3Mn2/3]02'(Z)Li[Ni 17yCQ/]Oz
0.5 0.2 Li[Lio.2Mno sdNio.1C00 102 3.74 65 188 253 53 168 85 0.54
0.4 Li[Lio.16MNg.42Ni0 2:C 2] O2 3.38 130 189 319 133 200 119 0.32
0.5 Li[Li0.12MNg 3éNig 26C00 2 O2 3.27 150 155 305 159 205 100 0.24
0.7 Li[Li 0.08MNg 21Nig 37C00 3702 3.11 215 57 272 200 220 52 0.10
0 0.5 Li[Lio.0dVINo.3Nig 5902 3.17 234 [¢] 234 220 194 40 0.16
0.25 Li[Lio.10MNo. 38Ni0.41C00 19402 3.22 185 92 277 190 208 69 0.20
0.5 Li[Lio.12MNo.36Ni0.26C00.2d O2 3.27 150 155 305 159 205 100 0.24
0.75 Li[Lig.14MNg 3Nig 18C 0 3dO2 3.33 135 181 316 127 233 83 0.28
1 Li[Li 0.17MNo 38C 0 5 O2 341 100 233 333 92 269 64 0.34

aRegions A and B correspond to respectively the initial sloping region A and the plateau region B in the charge®@afdelated assuming the
oxidation of Mn, Ni, and Co respectively to Mh Ni**, and C8*¢". ¢ Refers to irreversible capacity loss, which is the difference between the first charge
and the first discharge capacity valué<€alculated on the basis of the maximum amount of oxygen the sample could lose (seETiegtsample does not
show a clearly recognizable plateau region.

T T T T T T T T - 0.6
5 A, B 240 (a) y =113 "
4 . | ~— /O
3 y=1/3 160- — o L 0.4
2 2=0.25 :><3><2
] —r—r—r—r——r—r—r—r—r—r—r 1 ~—
i_ . 80 O/ —A—_ , o2
4 a T T T T M T M T
34 & y=13 = (o)
1 2404 (b) y =1/6 - 0.6
2+ z=0.4 é (b)y ~— i—n é
S‘ 5_'I'l L B B R S B SN B | (| | E ) - o «©
< 97 ~ 160 _— YR
o > .’<A><O — 04 8
g) ‘o ] /O . \ o
= @ 804 © A 02 @
= s ] . , 24
5 O 240 (c)y=1/12 0.6
4 ] "
3 y=1/3 1604 — a éOﬁ 0.4
2 2=0.6 | O
5 T T T ) L Ea e s e | | 80 -~ SZ A 0.2
4 ¥
3 y=13 0.10 0.15 0.20 0.25
2 2=0.75 T
. N k1 3 n in Li[Li M, 1O,
0 50 100 150 200 250 300 350 . e . o . .
i Figure 4. Variations of the first charge capacity in region &)(and region
Capacity (mAh/g) B (W) and the calculated oxygen los®)(with lithium contenty in the

transition metal layer of the (1— 2)Li[Li 1/3Mn2/3O2:(2)Li[Mn o5y~

Figure 3. Comparison of the first chargalischarge profiles (recorded at
9 P gl 9= p ( Nio.5-yC0py]O2 solid solution samples.

12.5 mA/g between 2.0 and 4.8 V) of the {1 2)Li[Li 1/aMn2/3]O2(2)Li-
[Mnos5-yNio5-yC0py]O2 (y = 1/3 and 0.25 z < 0.75) samples. The dashed

vertical lines separate the initial sloping region A from the plateau other hand, the irreversible capacity loss in the first cycle
region B. (difference between the first charge and the discharge

the &:2p band and a consequent introduction of holes into capacities) does not show any clear relationship.

the & :2p band and oxidation of © ions for oxidations The decrease in the first charge capacity values in the
beyond C&%". This is consistent with the limited practical plateau region B and the consequent decrease in the discharge
capacity (50%) of LiCo®@ and the chemical instability of  capacity values with decreasing lithium contenin the

Li; xCoG; for (1 — x) < 0.5 as revealed by the chemical transition metal layer could be understood by considering a
characterization of chemically delithiated samgté€n the mechanism proposed by Armstrong et@aitecently for the
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system Li[Lib MngeNip 2O, which is a solid solution __ 280
between Li[Li/;sMny5]O2 and Li[Mng sNig s]O2. On the basis g
of electrochemical mass spectrometry and powder neutron E 240 o
diffraction data, they suggested that the oxygen loss from a \E‘\n
the surface of the particle is accompanied by a migration of f-; 200- .
Li* ions from the octahedral sites of the transition metal layer c \
into the octahedral sites of the lithium layer. The cation g' 160- _ '\
X : " . 8 —m—Li=0.16 "
vacancies generated in the transition metal layer by this g o Li=020
migration process are then filled by a cooperative diffusion O 420
of the transition metal ions from the surface into the bulk of 0.40 0.45 0.50 0.55 0.60
the particle and rearrangement. On the basis of this consid- Mn content

eration, the oxygen loss from the lattice will cease when all
the cation vacancies in the transition metal layer are filled
by the transition metal ions to give [M}OThus, the limiting
oxygen content value in the fully charged sample will be
twice the transition metal ion content, or the maximum
amount of oxygen loss from the lattice will be equal to twice
the amount of lithium in the transition metal layer. In essence,
the higher the lithium content in the transition metal layer

in Li[Li ;M1-,]O,, the lower will be the transition metal
content (1— ») and the higher will be the oxygen loss from
the lattice during the first charge.

Figure 5. Variations of the first charge capacity in the plateau region B
with Mn content in samples having a similar lithium content in the{(1
2Z)Li[Li 1/3Mn23]O02*(2)Li[Mn ¢ 5-yNig 5-yC0zy]O> solid solution.

y = 1/6 and 1/12 series of samples. The initial sloping region
A increases, and the plateau region B decreases with
increasingz (or decreasing lithium contentin the transition
metal layer) similar to they = 1/3 series of samples,
respectively, as a result of an increasing amount of*Co
and NP' ions (or a decreasing average oxidation state of
transition metal ions) that could get oxidized and a decreasing
amount of oxygen that could be lost from the lattice during

On the basis of the above hypothesis, the maximum first charge. Thus the data with tiye= 1/6 and 1/12 series
amount of oxygen loss that could occur for each sample is of samples also support the oxygen loss mechanism discussed

given as calculated oxygen loss in Table 1. For example,

the Li[Li0_2Mn0.47|\|iolof,CQ),27]Oz_(§ (y = 1/3 andz = 04)

with the y = 1/3 series of samples. Moreover, a close
agreement between the observed and the calculated charge

sample has to maintain an oxygen content of 1.6 at the endcapacities in the initial sloping region A support the
of first charge to keep the ratio between transition metal ions peginning of oxygen evolution from the lattice for oxidations
and oxygen as 1:2, amounting to a calculated oxygen lossheyond approximately G6* as in the case of thg = 1/3

of 0.4. In other words, the limiting composition for the
sample withy = 1/3 andz = 0.4 at the end of first charge
will be [Mng4MNig06C0 271016 Which on rearrangement
(normalizing the oxygen content to 2.0) will give [Mgr
Nio.0/C.34O2, with all the transition metal ions in thet4

series of samples. Although the irreversible capacity loss
decreases slightly with increasing z in the= 1/6 series, it
does not show any clear dependence on z inytke 1/12
series.

Comparing the three series of samples in Table 1 with

oxidation state. The decrease in the calculated oxygen loss= 1/3, 1/6, and 1/12 in (+ Z)Li[Li 15Mn2g O (2LiMn o5y

with increasingz value (or decreasing lithium content in the

Nio.s-yC0y]O,, the nature of transition metal ions also has

transition metal layer) leads to a decrease in the plateaugp jnfluence in addition to the lithium content in the transition
region B and a consequent decrease in the discharge capacityetg| layer in determining the charge and discharge capacity

with increasingz as seen in Table 1 and Figures 3 and 4a
for they = 1/3 series of samples.

Similar to the 1/3 series of samples, the- 1/6 and 1/12
series of samples in the (& 2Z)Li[Li 1sMn23]O2(2)Li-
[Mngs-yNiosyC0y]O, (0.25=< z < 0.75) solid solution series
also exhibit an initial sloping region A followed by a plateau
region B in the first charge profile. The observed composi-

values. For example, with a constanwalue of 0.5 or a

constant lithium content of 0.16 in the transition metal layer,
the plateau region B, total first charge capacity, and first
discharge capacity decrease with decreasing Co conyent 2
This is due to an increasing amount of electrochemically
inactive Mrf™ and the consequent decrease in the oxygen
mobility to leave the lattice. For example, Figure 5 illustrates

tions based on the experimentally determined lithium content the decrease in the first charge capacity in the plateau region
and oxidation state values as well as the first charge andB with increasing Mn content in two series of samples having

discharge capacity values are given in Table 1. At a giwen
value, they = 1/6 and 1/12 series of samples have lower

similar lithium contents of 0.16 and 0.20. This is supported
further by the deviations of the= 0.25 sample in thg =

Co content and higher Mn and Ni contents compared to the 1/3 series and the= 0.3 sample in thg = 1/6 series with

y = 1/3 samples. The first total charge capacity (regions A
+ B) and the discharge capacity decrease with increasing
or decreasing lithium contemtin the transition metal layer
for they = 1/6 and 1/12 series of samples also similar to
that found for they = 1/3 series of samples except for the
y = 1/6 andz = 0.3 sample with high Li[Li;sMny3]O,

high Li[Li 1sMny3]O, or Mn** content from the expected
trend in the total charge and discharge capacity values. On
the other hand, with a constantvalue of 0.5, the initial
sloping region A increases with decreasing Co contgnt 2
(or increasing Ni" and Mrf* contents) despite the same
average oxidation state of 3:3&ecause Ni" could be fully

content. Figure 4b,c shows the variations of the first charge oxidized to the 4- state while C&" could be oxidized only
capacity in regions A and B and the calculated oxygen loss to ~3.6+ before the oxygen evolution from the lattice begins

with lithium contenty in the transition metal layer for the

(see the earlier discussion on comparing the observed and



Li[Li 1sMny2]O>—Li[M]O , Oxygen Loss and Capacity Chem. Mater., Vol. 19, No. 12, 2Q071

160 T T T 7 T T T T
5 & g y=0.5,2z=0.2
= A g -
E 140 \A _ gg R 88
~ - = ) 5 T
c 1204 N 5 e
% A\A b y=05,z=0.3
o <
c 1001 \ = M
> A e =05, z=04
3 —4—n=338+inM" s , | Lt
a8 804 . > =052=05
3 —A—n=35+inM = U y=05z=0.
2 . I W
c
60 T T T g =05,2=0.6
0.0 0.1 0.2 0.3 0.4 c J U F
c - o]
o content y=052=07
Figure 6. Variations of the first charge capacity in region A with Co content | | | A |
in samples having a similar average oxidation staté*{Mn the (1 — ——

2)Li[Li 1/3MNn2/3|O02+(2)Li[Mn o.5-yNio.5-yC0zy]O2 solid solution. 10 20 30 40 50 60 70 80 20 22 24
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Figure 8. XRD patterns of the ( Z)Li[Li 1sMn2/3]O2+(2)Li[Ni 1-yC0oy]O>

(y = 0.5 and 0.2< z < 0.7) samples. The expanded region on the right
shows the superstructure reflections arising from an ordering among Li
Mn“*t, and NP
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Figure 7. Phase diagram of the Li[bMnz;3]O2—LiNiO;—LiCoO, S 4'99', hd °
system. The compositions studied in the 12)Li[Li 1sMng/3]O2+(2)Li 4.98 4 °
[Ni1—yCa]O. (0 <y < 1and0.2< z< 0.7) system are indicated by closed ] d
circles. T T T T T T
100.4-
o . . S 1 ° b
calculated charge capacities in region A in Table 1). For °< 100.2- .
example, Figure 6 illustrates the decrease in the first charge > 1000_' . o °
capacity in region A with increasing Co content in two series ———————————
of samples having similar average oxidation state% j\df 02 03 04 05 06 07
3.38+ and 3.5. zin (1-z) Li[Li,;Mn,]O, - (z) Li[Co, /Ni,]O,
LilLi 1/sMn »4l10>—LiINi 1-.Co.10-> Solid Solution. The Figure 9. Variations of the unit cell parameters withfor they = 0.5
[ 1{3. 213 z [ 1y Oy] 2 > . series of samples in the (& z)Li[Li 15Mn2/3]O2*(2)Li[Ni 1-yC0]O2 (0 < y
compositions studied in the (& Z)Li[Li 1,5Mn3]O2+(2)Li- <1and 0.2< z < 0.7) system.

[Ni;—yC0]O, (0 =y < 1 and 0.2< z < 0.7) solid solution

series are indicated by closed circles in Figure 7. X-ray = Chemical analysis indicated the lithium content in the
diffraction data indicated the samples to be single phasesynthesized samples to be lower than that in the nominal
materials belonging to the O3 type layered structure similar compositions for these series of samples. The oxidation state
to the previous series of samples, with weak superstructureanalysis by the redox titration indicated the nickel oxidation
reflections around @ = 20—25° due to the ordering of the  state to be lower than the expected value #f &suming
Li*, Ni2*, and Mrf* ions in the transition metal layer of the Li*, Mn**, and C&*. The nickel oxidation state was found
layered lattice. For example, the X-ray diffraction patterns to be around 2.52 to 2.70+ for they = 0.5and 0.3< z <

of they = 0.5 series of samples are given in Figure 8 for 0.7 series of samples and around 2:6® 2.54+ for the 0
various values of. The superstructure reflections vanishfor <y < 1 andz = 0.5 series of samples. Thus, the lower
z> 0.5 as seen in the expanded region on the right in Figure lithium content in the samples is due to a reduction of*Ni

8. Figure 9 shows the variations of the unit cell parameters to Ni?* and the consequent volatilization of lithium during
of they = 0.5 series of samples wittin (1 — Z)Li[Li 1sMny4- synthesis at elevated temperatures (90 For a compari-
O:(2)Li[Ni 1-yC0/JO,. The a parameter and the unit cell son, no such volatilization of lithium was encountered in
volume increase with thevalue while thec parameter and  the previous series of (2 Z)Li[Li 1/sMn3]O2*(Z)Li[Mn o5y~

the c/a ratio decrease, illustrating the formation of solid Nigs-,C0,]O, samples as nickel remains as?Niin the
solutions. Similar trends were observed for other solid nominal compositions of this series. The observed composi-
solution series studied in this work as well. tions based on the experimentally determined lithium content
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Figure 10. Comparison of the first charg&iischa_rg_e profiles (recor‘ded Figure 11. Variations of the first charge capacity in region A)(and
at 12.5 mA/g between 2.6 4.8 V) of the (1— ZLi[Li 15Mn2g Oz (ILi-- region B @) and the calculated oxygen losg)(with lithium contenty in
[Ni1—Ca]O, (y = 0.5 and 0.2< z =< 0.7) samples. The dashed vertical  the transition metal layer of the (2 2)Li[Li 11sMnz/5O2+(2)Li[Ni 1-yC0,]O;
lines separate the initial sloping region A from the plateau region B. solid solution samples.

and the average oxidation state of the transition metal ions capacity withz less significant than that in the previous series
are given in Table 1. For example, while the nominal of samples.

composition for they = 0.5 andz = 0.7 sample is Li[Lé.- Figure 11b shows the variations of the first charge capacity
Mno2C00.3sNio.2gO2, the observed composition is Lifkds in regions A and B and the calculated oxygen loss with
Mno 2:Nio 31C 003102 with a loss of a small amount of lithium jihium contenty in the transition metal layer of (+
whl'le mamtammg the ratlo.rflmong the transition metal ions 2)Li[Li 1aMN2g 02+ (Z)Li[Ni ;1 ,C0JO, (0 < y < 1) solid
as in the nominal composition. solution samples foz = 0.5, and the first charge and
Figure 10 compares the first chargdischarge profiles  discharge capacity values are given in Table 1. While the
of the (1 — 2Z)Li[Li 1/sMn23]O2+(2)Li[Ni 1-,Ca]O, (0.2 < z Li[Li 1sMn3]O; to Li[Ni;—,C0q]O; ratio is kept constant at
< 0.7) solid solution samples with= 0.5. While the Ni to 1:1, the Co contery in Li[Ni ;-yCq,]O; is varied from 0O to
Co ratio is kept at 1:1, the proportion of LifNC0=O; to 1 in this series. The initial sloping region A decreases with
Li[Li 1sMn25]O; (z value) is varied in this series. The first increasing Co contery as a result of an increase in the
charge and discharge capacity values of this series of samplesverage oxidation state of the transition metal ions, resulting
are given in Table 1. Figure 11a shows the variations of the from a decrease in the volatilization of lithium during
first charge capacity in regions A and B and the calculated synthesis. On the other hand, the plateau region B increases
oxygen loss with lithium conteny in the transition metal ~ with Co contenty as a result of an increase in the lithium
layer for they = 0.5 series of samples. The initial sloping content in the transition metal layer and the amount of
region A increases with increasiagn Table 1 (or decreasing  oxygen that could be lost from the lattice. The increase in
lithium contenty in the transition metal layer in Figure 11a) the amount of oxygen lost (or the plateau region B) leads to
as a result of an increase in?F" and C8" contents (ora  an increase in the first total charge capacity and discharge
decrease in the average oxidation state of transition metalcapacity with increasing Co conteynt
ions) and their oxidation during first charge, while the plateau  The data with the two series of samples presented in this
region B decreases with increasinip Table 1 (or decreasing  section also demonstrate that the amount of oxygen loss from
lithium contenty in the transition metal layer in Figure 11a) the lattice is determined by the amount of lithium in the
except for the = 0.2 sample due to a decrease in the amount transition metal layer. Also, a good agreement between the
of oxygen loss similar to that found in the previous series observed and calculated charge capacities in the sloping
of (1 — 2)Li[Li 1,5Mn2gO2*(2)Li[Mn ¢ 5-yNig5-yC0x]O, samples. region A in these two series of samples as well confirm that
A smaller plateau region B and lower total charge and the oxygen evolution from the lattice begins for oxidations
discharge capacities than those expected on the basis of theeyond approximately G&§". Additionally, the (1 —
calculated amount of oxygen loss at laeontents are due  z)Li[Li 1sMn3]O2*(2)Li[Ni 1-yC0,]O, samples withz ~ 0.5
to an increasing amount of electrochemically inactive*Mn  andy ~ 0.5 are found to exhibit a maximum in the
and the consequent decrease in the oxygen mobility to leaverreversible capacity loss values. With a constant value of
the lattice similar to that found in the previous series of = 0.5, either an increase iy above 0.5 (increase in Co
samples. An interplay between the relative changes in thecontent) or a decreaseyrbelow 0.5 (increase in Ni content)
regions A and B makes the variations in the discharge decreases the irreversible capacity loss.
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Conclusions while Ni?" could be fully oxidized to Ni*, the oxygen loss
begins to occur for oxidations beyond ©b as a result of

a significant overlap of the G¢/*":3d band with the top of
the G:2p band. Although no clear, unified trend could be
established for the irreversible capacity loss, it was found to
have a maximum value arourzd= 0.5 andy = 0.5 in the

(1 — 2)Li[Li 1/8Mn23)O2+(2)Li[Ni 1-,C0,]O, system. The study
shows that the electrochemical performance factors of the
Li[Li, Ni, Mn, Co0]O, cathodes could be maximized by
optimizing the contents of the various ions.

The irreversible oxygen loss during the first charge from
the layered solid solutions between Li[lsMny;3]O, and Li-
[M]O2, (M = Mn, Co, and Ni) have been found to be
determined by the amount of lithium in the transition metal
layer before charge by investigating systematically five
different series of samples in the {12)Li[Li 1,3Mn3]O»*(2)Li-
[Mno_gryNioAgyCOA,]Oz and (1 - Z)LI[LI 1/3Mn2,3]02'(z)Li-
[Ni;-,Co]O; systems. The lithium content in the transition
metal layer is, however, sensitively influenced by the
tendency of Ni* to get reduced to Ni and the consequent . .
volatilization of lithium during synthesis. The amount of  Acknowledgment. Financial support by NASA and the
oxygen loss during first charge in turn influences the Welch Foundation Grant F-1254 is gratefully acknowledged.

reversible capacity values in subsequent cycles. FurthermoreCM070389Q



