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There is great deal of interest in using lithium transition-
metal oxides, Li[Nj;sCoysMn15]O,, as the positive electrode
material for high-energy and high-power lithium-ion re-
chargeable Li-ion secondary batterd€sAlthough the metal-
lic layer of Li[Niy3CoysMnys]O2 is composed of three
transition metal elements, only divalent Ni and trivalent Co
are electro-active through Ni*+ and C8** redox coupled3
Tetravalent Mn, on the other hand, has a configuration of
empty 3 g orbitals in octahedral coordination so that it is
electrochemically inactive. However, Mn plays an essential
role of supporting the host structure duringtLde-/inter-
calation.

One of the drawbacks of Li[N&C01/3Mn13]O- is that the
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Figure 1. Powder XRD patterns of (a) as-preparedi[p€0;/3Mn1/3]COs,
(b) [Ni13C0o1/3Mn1/3]304 by removing CQ from [Ni13Co1/sMn13)COs, and
(c) Li[Ni 1/5Co13Mn1/3)O2 prepared by calcination of LiNgand [NisCoys
Mny3]304.
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electrochemical properties of nanostructured Lifidioy/z-
Mny,5]O, powder synthesized via a newly modified carbonate
process, utilizing a chelating agent. With this new method,
nanostructured Li[NjsCoysMny,5)O, powder with improved
uniformity and superior rate capability can be synthesized.
Spherical (Nj;sCo1sMny3)CO; was prepared as follows.
An aqueous solution of NiSQCoSQ, and MnSQ (cationic
ratio of Ni/Co/Mn= 1:1:1) with a concentration of 2.0 mol
dm=3 was pumped into a continuous stirred tank reactor
(CSTR, capacity 4 L) under CGatmosphere. At the same
time, NaCO; solution @g.) of 2.0 mol dnr® and desired
amount of NHOH solution é&g) were also separately fed
into the reactor. NgP* ions are activated by a chelating

its synthesis is not easy. An appropriate synthesis methodagent. The solution was maintained at®&for 12 h while

needs to be employed, otherwise the transition metal
component often saturates, resulting in oxide impurities such
as NiO, C@Os, Mn,0s, or MnO,. Therefore, selection of an
appropriate preparation method is critical to attain a final
product with high purity.

Hydroxide coprecipitation proposed by Sphar et ahd
Davidson et a.has been effective in preparing lithiated tran-
sition metal oxides with high purity. Very recently, Cho et al.
and Park et alalso successfully prepared LiNC0oysMny5O2
and Li[Nii2Mn4,,]O, based on the carbonate coprecipitation
method. Electrochemical properties of the synthesized pow-
ders were satisfactory though the particle size distributions of
the carbonate powder and final product were rather broad with
irregular particle shapes. This lack of uniformity could be a
serious drawback in the carbonate process. Here, we repor
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closely monitoring the concentration of the solution (2 M),
pH (7.5), temperature (6TC), and stirring speed (1000 rpm)
of the mixture Then, the spherical (WiC013Mn1z)COs
powder was filtered, washed, and vacuum-dried at room
temperature.

Thus-prepared spherical (INC01/3Mny/3)CO; powder was
dried at 110°C to remove the adsorbed water. Then, the
carbonate powder was fired at 500 for 5 h todecompose
the carbonate into an oxide compound. Finally, a mixture
containing an excess amount of LiN&nd the de-carbonated
powder was preheated at 300 for 5 h tomelt the lithium
salt, and subsequently calcined at 9@ for 20 h in air,
followed by annealing at 700C for 5 h.

Powder X-ray diffraction (Rigaku, Rint-2000) employing
Cu Ko radiation was used to identify the crystalline phase
of the prepared powders at each stage. The prepared powders
were also observed using scanning electron microscopy
(SEM, JSM-6340F, JEOL) and transmission electron mi-
croscopy (TEM, JEM2010, JEOL). Chemical compositions
of the resulting powders were analyzed with an atomic
absorption spectroscopy (Vario 6, Analyticjena).

Charge-discharge tests were performed with a coin type
cell (CR2032) with a current density of 20 mA'gat 30
°C. The cell consisted of a positive Li[NC013Mny3]02
electrode and a negative lithium metal electrode, separated
by a porous polypropylene film. The positive electrode
contained 80 wt % Li[Ni;sC01sMny/3O2, 10% PVDF (poly-
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Figure 2. SEM and TEM images: (a) low- and (b) high-magnification SEM images, and (c) bright-field image 1@20®isMn1/3]COs; (d) low- and (e)
high magnification SEM images, and (f) bright-field image of L{NT0;3Mny3]O.

Table 1. Calculated Lattice Parameters

sample space group a-axis (A) c-axis (A) unit volume (&)
[Ni1/3C01/3Mn13)CO3 R3c 4.7276(9) 15.2361(19) 294.908(15)
[Ni1/3C01/3Mn1/3]3O4 F(_j3m 82253(26) 556.479(11)
Li[Ni 15CoysMny/3O2 R3m 2.8605(5) 14.2476(22) 100.962(7)

vinylidene fluoride, KURRA, Japan) binder, and 10% carbon uniform carbonate particles as shown in Figure 2a and b. In
acetylene black (Alfa Aesar Co.), which was coated on an the works by Cho et déland Park et al.in which chelating
Al foil. The electrolyte was a 1:2 mixture of ethylene agents were not used, the morphology and homogeneity of
carbonate (EC) and dimethyl carbonate (DMC) containing the carbonate powders were significantly inferior. The
1 M LiPFg by volume. carbonate powder was fired to form [NCoy3Mny3)304

To prepare a homogeneous metal carbonate, it is important(hereafter referred as precursor). After firing, the hexagonal
to control the pH of the respective metal-containing aqueous carbonate structure changed to a cubic spingDgstructure
solution. In the case of Mn, especially, the pH control is as can be seen from Figure 1b. The calculated lattice constant
very critical since precipitation of manganese oxide is favored was a = 8.2253(26) A. Calcination of the precursor with
by high temperature>60 °C); hence, pH of the solution the lithium salt (LINQ) gave the phase-pure layered
was increased to the range at which manganese hydroxideLi[Ni 13C013Mn15]O2 product as seen from Figure 1c. The
would not precipitaté. calculated lattice parameters were close to those of the

The structure of the prepared powder was examined by reported valués®® listed in Table 1. The particle size and
XRD at each synthesis stage and the corresponding patternshapes were more or less retained from the coprecipitated
are shown in Figure 1. The coprecipitated carbonate is single-carbonate powder during calcination and annealing, as can
phased and has a typical structure corresponding to those obe seen from Figure 2d and e. TEM confirmed that similar
NiCO;, CoCGQ, and MnCQ, all of which have divalent  to the precursor, each powder particle also consisted of much
transition metals in their formal charge. This structure was finer primary particles whose sizes ranged from 50 to 100 nm
indexed to a hexagonal structure with a space grougBof as shown in Figure 2g. This is similar to what was observed
The diffraction peaks were quite broad due to the small in the precursor. The primary particles of LifNCoysMn;5O2
particle size. As can be seen in Figure 2a and b, the as-were better crystallized (some of the particles were faceted)
prepared carbonate particles have spherical shapes with amnd considerably larger in size compared to the carbonate
average diameter of 10m. TEM observation showed that powder, which explains the increased surface roughness of
the particles were composed of-B-nm sized primary  the final Li[Niy3Coy3Mny5]O; particle in Figure 2e. It is
particles. The spherical carbonate particles shown in Figureimportant to note that the particles were held together by a
2b have a unique structure in which nanosized primary rather weak binding force. The primary particles fell apart
particles were tightly agglomerated into a spherical shape. with low ultrasonification (Figure 2f). Such a loose structure
It was also observed that the uniformity of the secondary would better accommodate any volume changes involved with
particle size and shapes were much improved compared tostructural transition or Li intercalation. There was no substan-
those of the previous resufi$The improved uniformity was  tial difference in microscopic particle morphology between
attributed to the action of the chelating agent, ffHons, as-precipitated [NEC013Mny5CO;s and Li[NiyzCoydMny3O;
according to the following reactioh: despite the structural transition, which indicates that lithium
. was readily incorporated into the primary structure. The
Ni*(aq) + Ca*"(aq) + Mn®"(aq) + XNH;*" — initial particle morphology in the studies by Cho efaind

[INiCoMn(NH)n**](aqg) + (x — n)NH,*" (ag) x Part et af. was drastically altered by de-carbonation and high-

[INiCoMn(NHJ)n**](ag) + yCO,”” + zH,0 — t?mpteratgre calr?ir:ation.f ::] appears ':jhat (:_ulr uniql_ue nda?ho-
: structured morphology of the prepared particles relieved the
[NiCOMN]COL(s) + nNHZ** uetu phology prepared parti iev

: . 8) Nichols, A. R.; Walton, J. HJ. Am. Chem. S0d.942 64, 1866.
Hence, the chelating agent basically prevents the phase Egg Lee, M.-H.; Kang, Y.-J.. Myung, S.-T.; Sun, Y.-Electrochim. Acta

separation and leads to the formation of homogeneous and  in press.
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Figure 3. Continuous charge and discharge curves of Li/Li[{loysMn3)-
O cell. The applied current density was 20 mAlgt 30°C. "o 200 ——
=
stresses developed by €évolution and lithiation and helped ‘é" [ b 1
to maintain the structural integrity. It will be shown in Figure R R T 1
4 that the nanostructure also improved structural stability - - sC QQ® A
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50 cycles. The positive electrodes are first galvanostatically a ° o 10 2 2

charged and subsequently discharged by applying a current
density of 20 mA g* at 30°C. The Li/Li[Niy3C01sMny3)-
O; cells showed monotonic voltage variations. The observed

discharge capacity was 173 mAh'gThe obtained capacity  described in this work resulted from a well-controlled
was considerably higher than that obtained by Cho &t al. synthesis process, thus the morphology and its effects on
based on the cutoff voltage to 4.4 V. The sample also exhib- electrochemical properties should be much more reproduc-
ited a smaller IR drop between charge and discharge in thejple. In addition, its unique structure together with the
whole voltage range in Figure 3. The cell exhibited very uniformity should expedite the coating of the electrode onto
stable cyclability with high capacity of 163 mAh (g oxidé)  the Al foil and reduce the necessary volume fraction of con-

Cycle Number
Figure 4. Rate capability of Li/Li[Ni3Co13Mn13)O; cell 25°C.

after 50 cycles as shown in Figure 3. . ducting agent during the battery assembly. The nano-structure
Rate capability tests illustrate more interesting results. As morphology would also increase the contact surface between
observed in Figure 4a, the Li/Li[NiCoy3Mny3O, cell the electrolyte and electrode, enhancing the cell performance.

maintained its discharge capacity at high rates5 £ (1400 Hence, our nanostructured morphology not only improves
mA g™'), the obtained discharge capacity is of about 85% the structural stability of the electrode, but it is also expected
of that of 0.2 C (56 mA g). Figure 4b shows that the  to improve the overall performance of the Li battery.
discharge capacity at high currents was well retained during  The XRD result of the cycled positive electrode after 50
cycling. This enhanced discharge capacity at accelerated rategycles (not shown) indicates that the cycled electrode
clearly demonstrates the advantages of our nanostructuregnaintained its original structure. The calculated lattice
electrode. Since primary particles are held by comparatively parameters after cycling werme = 2.8604(5) A, andc =
weak secondary bonds, the volumetric changes involved with 14.2405(16) A. Comparing the lattice constants from the
Li migration can be readily accommodated by relaxation of cycled electrode to those of the pristine material in Table 1
the binding forces among primary particles. Similar improve- shows that there is no large difference in the lattice parameter
ments in electrochemical properties by nanoscale grains andeven after prolonged cycling, attesting to the structural
nanoscale structures have been previously repéttétl.  stability brought about by the unique morphology and
However, in contrast to previous work in which the nano- improved homogeneity of Li[NjsCoysMny5O, prepared via
structures were produced rather fortuitously by ball-milling our modified carbonate process.

or induced by phase transition, the nanostructured material
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