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Abstract

Layered cathode materials with the nominal compositions ef 2%)LiNi 1,Mn,,0,-XLi[Li 1/3Mny3]O,-xLiIC00O; (0 < x < 0.5) were syn-
thesized by a simple solid-state reaction on the basis of good structural compatibility between the three layered compouhdis; AaNj
Li[Li 1/3Mn53]O2, and LiCoQ. Increasing contents of Li[kjisMny;3]O, and LiCoG in the materials decreased the occupancy of transitional
metal ions in Li layers and thus remarkably improved electrochemical performances; but it also brought about an irreversible initial charge
plateau wherx reached 0.3. The comparative studies on cooling rates showed that different cooling rates in the material preparation hardly
gave different electrode performances.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction strated that the new layered cathode materials in the sys-
tem of (1x-y)LiNi1/2Mn1/202-XLi[Li 1/3Mn2/3]O2-yLiC0oO,
In the search for an improved cathode material, the can be also prepared on the basis of good structural compat-
materials in two series with the performances compa- ibility between three layered compounds, LiNMn1,2,0,,
rable to or better than those of LiCgOrecently at- Li[Li 1/3Mn2/3]O2 and LiCoQ [9].

tracted intense attention. One is layered LiCaNixMnyO, Both rapid and slow coolings were adopted to prepare
(0<x=<0.5) [1-3], which can be alternatively written these materials in the referencfis-12] Different cool-

as XLiNi1/2Mny202-(1— 2X)LICoO, in composite nota- ing rate in the preparation of these materials can bring
tion; the other is layered Li[NLi1/3—2xv3Mng/3_yx3]O2 about some differences in struct|fe?] and valence states
(0<x<0.5) [4-6], which can be rewritten asxRiNi of cations accompanying different degree of oxygen de-

1/2Mn1/202-(1 — 2x)Li[Li 1/3Mn2/3]O2. It can be believed that  fect in materials, finally resulting in the differences in
the success in preparing the two series of materials is based operformances. Dahn and co-workers reported that slightly
the good structural comparability between LiNMn1/,,0; higher capacities were achieved by quenching method than
and LIiCoQ as well as between LiNpMny1202 and by furnace cooling (slow cooling) for several samples in
Li[Li 1/3Mn23]O2. In addition, the earlier reports on the the series of &iNi1»Mny/202-(1— 2X)Li[Li 1/3Mn2/3]02
system of LiCoQ-Li[Li 13Mny3]O, also evidenced the (0<x<0.5)[6]; nevertheless, Kang and Amine reported sig-
strong ability of structural mergence (or integration) between nificant effects of cooling rate on structure and electrochem-
LiCoO, and Li[Li1/3Mny/3]O2 [7,8]. We recently demon-  istry in 0.5LiNiy/2Mn1/20,-0.5Li[Li 1/3Mn2/3]O2 [12].

In this work, layered cathode materials with the
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as Li[LixaNi1—2x2MnE_2x6C0]02 (0<x=<0.5) in lay- T
ered notation, were synthesized via a simple solid state reac- 8

—
tion under the different cooling rates (quenching and furnace N N
cooling). The structure and electrochemical performances e oo
were comparatively examined. I 8 2 5 572 x=0.0
2. Experimental

d x=0.1

Materials were prepared by a conventional solid-state re- —~ R P A

action using acetates as starting materials. A stoichiomet- E
ric ratio of Ni(CHzCOO)-4H,0, Mn(CH;COO)-4H,0, 2
Co(CH;COOY-4H,0 and LiICHCOO2H,0 were mixed 2 | h x=0.2
and ground using a mortar and a pestle. The mixture was € A

decomposed at 45 in air and ground after cooling. The

decomposed mixture was pelletized into a 3 mm thick tablet
at 200 kg cn?. The pellet was calcined at 100G in air for | |
4 h and then quenched in liquid nitrogen or subjected to fur-
nace cooling. Finally, the pellet was ground and kept in a

x=0.3

S

desiccator with blue silica-gel. x=04
The crystal structures of samples were investigated by
powder X-ray diffraction (XRD). XRD data were collected J
on a diffractometer (RINT2200, Rigaku) with graphite- A ﬁ . A_M_Lo'i
monochromatic Cu K radiation ¢ =0.15406 nm). For Ri- L L L L L
10 20 30 40 50 60 70 80

etveld refinement, the XRD data were collected in the 2
range of 10—-120with a step of 0.02and a constant counting
time of 103_. Structure parameters were refined by a Rietveldgjg 1 xrp patterns of (& 2x) LiNi1/2Mn/202-XLi[Li 13Mnz/3]02-
method using a computer program (RIETAN-20003] on xLiCoO, (0 < x < 0.5) prepared by quenching method.
the basis ofx-NaFeQ-type structure with space group
3m. A virtual chemical species representing the transition
metal elements in samples, M, was used in the refinement.pared by the quenching method. All reflections were
It has the mean scattering amplitude of the transition metal indexable based on a layeregtNaFeQ-type structure
elements calculated from the chemical composition. Li, M (space groupR-3m, no. 166). The series of the samples
and O were distributed toa30, 0, 0), 3 (0, 0, 1/2) and 6¢ prepared by furnace cooling gave the similar XRD patterns
(0, 0,2 sites, respectively; and the total occupancies of eachto the quenched ones. The changes in hexagonal lattice con-
site were constrained to be unity. stants and occupancy of transitional metal ions in Li layers
The charge and discharge characteristics of Li—Ni— are illuminated inFig. 2 The lattice parameters, andc,

Co—Mn-0 cathodes were examined in coin-type half-cells continuously decreased with increasinplue. Correspond-
(Li/Li-Ni—-Co—Mn-0). Cells were composed of a cathode ingly, the volume of unit cell also presented monotonous
and a lithium metal anode (Honjou Kinzoku Co., Japan) sepa- decrease. Tha in hexagonal unit cell is a measure of the
rated by a porous polypropylene film (Celgard 3401) and two average M—M (M =Li, Ni, Co, Mn) distance in slabs, the
glass fiber mats. The cathode consisted of 20 mg active matedayers filled predominantly by transitional metal ions; witile
rial and 12 mg conductive binder [8 mg polytetrafluoroethy- is the thickness of three slabs and three interslabs (Li layers)
lene (PTFE) and 4 mg acetylene black]. It was pressed on a[14,15] According to report§l—6], the valence states of Ni,
titanium mesh at 300 kg cnf and then dried under vacuum Co and Mn in these materials investigated in this work can
at 120°C for 12 h. The electrolyte solution was a 1:1 mixture be assumed to have 2+, 3+ and 4+, respectively. The series of
of ethylene carbonate (EC) and diethylcarbonate (DEC) con- (1 — 2X)LiNi 1/2Mn1/202-XLi[Li 1/3Mn2/3]O2-XLiC0o0O, (0 < -
taining 1 M LiPFs. All cells were assembled inan argon-filled x<0.5) had a substitution equation: 3N Mn
dry box. Cells were cycled in the voltage range of 2.5-4.6V 4*=Li*+3Cc*. The ionic radii of LI, Ni%*, Cco®*
at a constant current density of 20 mAlg(0.23 mA cnt?) and Mrf* are 0.76, 0.69, 0.53 and 0.B4respectively[16];
at 25°C. therefore, the average ionic radius of {4 3Co**] is smaller

than that of [3N#* + Mn#*] (0.59 and 0.6%, respectively).

The smaller mean ionic radius will cause shrinkage of the

26 / deg.(CuKo)

3. Results and discussion transitional metal layers, resulting in the shrinkageain
and c axes with increasing. The cooling rate affected
Fig. 1 shows the XRD patterns of (@2x)LiNi1/ lattice parameters little. Rietveld refinements showed that

Mn1/202-XLi[Li 1/3Mn2/3]02-xLIC00O, (0<x<0.5) pre- the occupancy of transitional metal ions in Li layers for the
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Fig. 2. Lattice constants, unit cell volume and occupancy of
transitional metal ions in Li layers for @& 2x)LiNii,Mny20
2-XLi[Li 1/3Mn2/3]O2-XLiIC00O;7 (0 < x < 0.5) in hexagonal unit cell.

Fig. 3. Initial charge—discharge curves of «{P2x)LiNii2Mn1,20;-
XLi[Li 1/3Mn2/3]O2-xLiIC0o0O, (0<x<0.5) galvanostatically cycled in the
voltage range of 4.6-2.5V at a constant current density of 20mAg
. (0.23mAcnT?) at 25°C.
samples prepared by quenching method gradually decreased

with increasingx value; degree of such cation mixing was

very small for the samples witk=0.4 and 0.5. The furnace O quenching, charge o quenching, discharge

cooling can reduce occupancy of transitional metal ions A quenching, irreversible ~ ®m furnace cooling, charge

in Li layers with the exception ox=0 and it was already 350| ® fumace cooling, d‘fhc"ar%? I‘ frnaca cooling Jevarshi

unobservable in the cases»of 0.25. el -
Fig. 3 shows the initial charge—discharge curves of 300 - o

(1 — 2X)LiNi 1/2Mn1/202-xLi[Li 1/3Mn2/3]02-xLiCoOZ (O <-

x < 0.5) prepared by both quenching and furnace cooling. Ini- g 2501 1

tial charge—discharge capacities gradually increased with in- -=Et

creasing, and irreversible capacity also gradually increased, < 200 1

as shown irFig. 4. In the figure, one theoretical capacity line 5

was also drawn on the basis of the assumption: all transitional §- e 1

metals were oxidized to 4+ in oxidation state, because Ni, Co, © 100k |

and Mn ions in layered structures are, in general, oxidized to I A |

tetravalent states in lithium batteries. However, initial charge 5ok A A 4

capacities of the samples with 0.2% < 0.5 and initial dis- | A 4 4 & A 4

charge capacities for 04x < 0.5 exceeded the theoretical 0 T

-0.05 0.00 0.050.10 0.15 0.20 0.250.30 0.35 0.40 0.45 0.500.55
X

capacity line. Such an anomaly large capacity was also ob-
served in Li[NiLi1/3_2¢y3Mnz3_x3]O2 by Lu et al.[4-6].
They att”btfted the excess ”’_"“a' charg_e_capacny over that rig. 4. Initial charge, discharge and irreversible capacities for
corresponding to the oxidization of transitional metal ions to (1 — 2x)LiNi 1/2Mn1/202-xLi[Li 1/sMn2/3]O2-xLiCoO, (0<x<0.5) as

4+ to simultaneous removal of Land oxygenatabout4.5V, wellas its theoretical capacity line. The theoretical capacity was calculated
which took place only in the first charge process with a clear assuming all transitional metals were oxidized to 4+ in oxidation state.
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materials, which was ascribed to decreasing occupancy
of transitional metal ions in Li layers and developing
unusual oxidation process similar to that observed for
ZXLiNil/zMnl/QOZ-(l—2X)Li[Li 1/3Mn2/3]02. The samples
O T T w0 with x>0.2 can deliver a reversible capacity more than
Cycle number 190 mAh g 1. The samples synthesized by different cooling
rates showed similar characteristics.

220 rq y T T T T T T T T 4. Conclusion

200 Layered cathode materials with the nominal compositions
B of (1— 2X)LiNi 1/2|\/|n1/202~XLi[Li 1/3Mn2/3]02~xLiC002
3180 (0<x=<0.5) were successfully prepared by conventional
13 solid-state reaction. Their XRD patterns identified that
2460 all materials were pure phases with layered structure,
§ indicating good structural compatibility between three
i 120 1 . ] layered compounds, LiNpMn1,202, Li[Li1/3Mn23]02
S | v ° izggg‘:ﬁgﬁmgg . ;:ggs"igﬂfrgfgggﬂgg and LiCoQ. The capacity gradually increased with in-
8 \ AV O x=0.1,quenching ® x=0.1,natural cooling creasing contents of Li[lyj3Mn2/3]O2 and LiCoQ in the
3 120 V% x=0.0,quenching v x=0.0,natural cooling
2

-

o

o
T

Fig. 5. Cycling performance of several typical samples in—@k)
LiNi 1/2Mn1/202~xLi[Li 1/3Mn2/3]02~xLiC002 (OS X< 0.5).
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