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Abstract

Li[Ni xLi(1/3-2¢/3MN(2/3-1/3)]02 (x = 0.17,0.25, 0.33, 0.5) compounds have been prepared by a simple combustion method. Compared
with the mixed hydroxide or sol-gel method, the combustion method is very simple, and will therefore reduce the manufacturing cost of
the cathode material. The structural and electrochemical properties of the samples were investigated using X-ray diffraction spectroscop
(XRD) and the galvanostatic charge—discharge method. Rietvelt analysis of the XRD patterns shows that these compounds can be classifi
asa-NaFeQ structure type.Compounds with high Ni content£{ 0.25-Q5 in Li[Ni ,Li 1/3-2:/3Mn2/3-,/3]02) appear to be composed
of two phases, namely Ni-rich and Ni-deficient phases with the safeFeQ structure. By contrast, the Li[lNi7Lig.22Mngg1]O2
compound with a low Ni content has good phase integrity with only a single phase. The initial charge—discharge and irreversible ca-
pacity become larger asin Li[Ni Li1/3-2¢/3Mn/3-,/3]02 decreases. The Li[N5oMngs0]O2 compound has a relatively low initial
discharge capacity of 200 mAh§ and exhibits a large loss in capacity during cycling. On the other hand, d-ifNig.2oMng61]02
and Li[Nig 2sLig 17Mngsg]O2 compounds give high initial discharge capacities of over 245 niAhand a stable cycle performance in
the voltage range 4.8-2.0V. The XRD and electrochemical results suggest that the simple combustion method is more appropriate fc
synthesizing Li[NiLi1/3-2./3Mn2/3-x/3]02 compounds with low Ni content.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction prepared m-LiMn@ with a monoclinic structureG2/m dis-
torted hexagonal structure). TheLiMnO» prepared by an

At present, the most widely used commercial cathode ion-exchange reaction gave a capacity of only 150 mAhg
material for lithium-ion batteries is LiCofdue to its ease  while m-LiMn9Coy 102 had a stable reversible capacity of
of production, stable electrochemical cycling, and accept- 210 mAhg! between 4.8 and 2.6 V. Other workers have
able specific capacity1-3]. The relatively high cost of  jnvestigated11-13]Li»Cr,Mn,_,O4 with a layered struc-
cobalt and the lure of large specific capacity have, how- tyre. The LpCr,Mn,_,O4 compound delivered a discharge
ever, lead to the StUdy of other possible alternatives. An Capacity of over 200 rnAh‘g1 and re|ati\/e|y good retention.
attractive candidate for the cathode material is Mn-based Recently, some groups have attempted to stabilize the
oxide with a layered structure. Unfortunately, all pure or Mn-based oxide with a layered structure by using a solid
lightly-doped layered forms of LiMn@ have been found  solution between LIMnO3 (Li[Li 1/3Mn2/3]02) and LIMO,
to transform to a defective spinel-related form on cycling (M = Cr, Ni, Co,...). Paulsen et al[14] reported that
with significant change in voltage profile. This causes ca- Li[Li g ,Crg4Mng4]O2 can be regarded as a solid solution
pacity fading during cycling4-9]. It has been suggested petween LiMnOs (Li[Li 1/3Mn2/3]02) and LiCrG. Nu-
[10] that substitution with fixed low-valence cations such mata et al[15,16] investigated a solid-solution of cathode
as AB*, Mn?*, and Li* or more electro-negative elements material, Li(Ca_Li,/3Mn2,/3)02 (0 < x < 1) between
such as C&", CP*, or Ni** can be effective in hinder- | j,MnO3 (Li[Li 1/3Mn5,3]0) and LiCoQ. Zhonghua Lu
ing the phase transformation. Amstrong et [d,5] have et al. [17-21] have analyzed a solid solution between

LioMnOs (Li[Li 1/3Mn3/3]O02) and LiIMO, (M = Cr or Ni).

* Corresponding author. Teh:82-42-860-5516; fax:+82-42-860-6836. Li[Ni +Li (1/3-2¢/3MN(2/3-x/3)]O2 and Li[Cr.Li(1/3-x/3)-

E-mail address: yjpark@etri.re.k (Y.J. Park). Mn(2/3-2¢/3)]02 are derived from Li[Li;3Mn2;3]O2 by
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substitution of Lir and Mnt4 by Ni?t or Cr*, respec- of Super P black (MMM Carbon Co.) were added. After a

tively. When cell containing such oxides was charged to day of ball-mill grinding, a viscous slurry was coated on
about 4.8V, it exhibited an irreversible capacity at around an aluminium foil using a doctor blade and a film of uni-
4.5-47 V. After the first charge process, the materials can beform thickness was obtained. The film was then dried at
reversibly cycled with a high capacity of over 200 mAhg 90°C in an oven. The resulting cathode film was hot-pressed
in the voltage range of 2.0 and 4.8 V. These oxide materials at 135°C to increase the tap density. The thickness of the
were conventionally prepared by a mixed hydroxide method cathode film was about 30m. The electrochemical cell

or sol-gel method. Although, such methods could lead to Was assembled in a dry room using the above cathode film,
a homogeneous cation distribution, they require a complex lithium, porous polyethylene film and 1 M LiBFolution in

process and involve a h|gh manufacturing cost. 1:1 volume ratio of ethylene Carbonate/dimethyl carbonate.
In the present work, a simple combustion method is used Galvanostatic charge—discharge tests were performed with a
for preparing Li[NiLi(1/3-2:/3Mn(2/3-1/3]02 (x = 0.17, Toyo charge—discharge system. The test cells were charged

0.25, 0.33, 0.5) cathode materials. Compared with the mixedto 4.8V versus Li/Li™ with a current density of 20 mAd,

hydroxide or sol-gel method, this approach is very simple and then discharged to 2.0V with the same current density.

and will reduce the manufacturing cost of cathode powders. The cycling tests were performed at 21 or°80by using

The stoichiometry of Li[NiLi1/3—2:/3Mn(/3_x/3]02 is ~ an environmental chamber.

determined from the assumption that the transition met-

als Ni and Mn are in the oxidation states 62 and+4,

respectively. The structure and electrochemical properties3. Results and discussion

of the powder were investigated using X-ray diffraction

(XRD) and a charge—discharge method. Considering the re-3.1. Structural investigation

sults of these analyses, an appropriate composition for the

Li[Ni ,Li1/3-2:/3Mn(2/3-x/3)]02 compound is suggested. X-ray diffraction patterns for Li[NiLi1/3-2:/3)-
Mn2/3-x/3)]02 (x=0.17, 0.25, 0.33, 0.5) cathode materials

2. Experimental

Li[Ni xLi (1/3,2x/3)Mn<2/3,x/3)]02 (X =0.17, 0.25, 0.33,

0.5) was prepared by a simple combustion method from
manganese acetate tetrahydrate [Mn{CB»),-4H,0],
nickel(Il) nitrate hexahydrate [Ni(N§)2-6H,0], and lithium
acetate dihydrate [C4CO,Li-2H20Q]. At first, stoichiomet- J
ric amounts of the materials of Mn, Ni and Li were mixed ) , , ,
with distilled water and stirred continuously at 1@ on a Li[Ni
hot plate. The precursors were dissolved in distilled water
within a few minutes and a viscous gel with a green colour
was obtained after evaporation of the excess water. When
the resulting gel was fired at about 40D, a powder which
looked like ash was produced by vigorous decomposition of
the organic material. The decomposed powder was ground
and heated at 50@ for 3h. The heat-treated powder was
re-ground and re-heated at 90D in air for 10 h. Then, it
was poured into a stainless-steel box and quenched at room
temperature.

X-ray diffraction data were collected using a Philips X-ray
diffractometer in the 2 range from 15 to 70with Cu Ka '
radiation ¢ = 1.5406 A). The data was refined by the Ri- (©03) |_LiINig, L, M, 10,
etveld method using the Fullprof program. The peak shape
was described by a Pseudo-Voigt function. The background on
level was defined by a polynomial function. For each diffrac- X oz 01610
tion pattern, the scale factor, the counter zero point, the peak 1
asymmetry and the unit-cell dimensions were refined in ad- 20 20 40 50 60 70
dition to the atomic parameters.

To prepare the positive electrode, 0.4 g of polyvinyl di-
fluoride (Aldrich) was dissolved in about 29¢methyl-2- Fig. 1. XRD patterns for LiNjLi(1/3_2,/3Mnys_1/3]02 (x =0.17,
pyrrolidone for 1 h and then 4 g of ample powder and 0.6 g 0.25, 0.33, 0.5) compounds prepared at 9Gor 10 h.
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Fig. 2. XRD patterns for Li[NiLi1/3-2:/3Mn2/3-x/3]02 (x = 0.17, 0.25, 0.33, 0.5) compounds enlarged in region 36.0=38@ 43.0-46.Q

are shown inFig. L The XRD peaks marked “*" are at- compound has sharp peaks at ‘phase 2’ and broad peaks at
tributed to the superlattice ordering of Li and Mn in the ‘phase 1'. with decrease in the Ni content of the compounds,
transition-metal containing layerfl7,18] When the Ni however, the peaks at ‘phase 2’ become smaller and the
content of the Li[NjLi1/3-2¢/3yMN(2/3-x/3)]O2 compound peaks at ‘phase 1' become sharper and higher. When the
increases tac = 0.5, the superlattice peaks become broad Ni content of the sample decreasesxte= 0.17, the peaks
because the scattering contrast between Ni and Mn is muchat ‘phase 2’ are not detected in the XRD pattern.

less than that between Li and MdA8]. Except for the Rietveld analysis has been performed on the series of
superlattice peaks, most of the peaks can be indexed tocompounds to understand the structural properties of the
a a-NaFeQ structure (space groug®3m). This is same  samples. It is assumed that Li is on the 3a site;Nind
structure as that of O3-LiCofas found in previous stud- Mn** and Li* are on the 3b sites, and the oxygen is on the
ies [18-21] Nevertheless, certain peaks of the compounds 6c¢ sites. Since the radius of the’Nication (0.69 A) is close
with high Ni contents split into pairs. The XRD patterns of to that of Lit (0.76 A), it is considered that Ni and Li atoms
Li[Ni xLi(1/3-2¢/3MnN(2/3-x/3)]02 enlarged in the regions exchange between 3a and 3b sites and that the stoichiometry
36.0-37 5 and 43.0-46.0are shown inFig. 2. There is of the powders is fixed to the nominal values in the Rietveld
a splitting of the (101) and (104) peaks for the patterns fitting. The Li[Nig50Mng.50]O2, Li[Nig.33Lio.11Mng56 02

of x = 0.25-05 compounds in the Li[NiLi/3-2./3)- and Li[Nig2s5Lig.17Mngsg]O2 samples are fitted with a
Mn2/3-x/3)]O2 series. This indicates that these compounds two-phase model.

are composed of two phases, which are named as ‘phase The XRD pattern of Li[Np2s5Lio17Mngsg]O2 is pre-

1' and ‘phase 2’ for convenience. The LiMngs02 sented inFig. 3a together with its calculated pattern
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Fig. 3. Experimental XRD patterns and calculated patterns from Rietveld program for (apJsiiNii7Mnosg]O2 and (b) Li[Nip.17Li022Mnge1]02
compounds. Difference between data and calculation is given in lower panel.

based on the Rietveld fit. The samples can be fitted well Rietveld refinement the Li[NLi(1/3-2:/3Mn2/3-x/3)]02
with two phases; they have the sameNaFeQ struc- samples are listed ifiable 1 Based on the Rietveld anal-
ture but different lattice parameter Li[h$oMng s0]O2 and ysis, the ‘phase 1’ with a small lattice parameter and the
Li[Ni 0.33Li0.11Mng 56]O2 samples also can be fitted by the ‘phase 2’ with a large lattice parameter can interpreted as
same method. The structural parameters determined bya Ni-deficient (lowx in Li[Ni cLi(1/3-2:/3Mn2/3-/3)]02

Table 1

Lattice parametersR factors, and relative percentage determined by Rietveld refinement for,LifNiz_2/3)MNn(2/3-x/3)]02 compounds withk = 0.17,
0.25, 0.33 and 0.5

X Phase a (A) c (A) Ry (%) Rwp (%) Rs (%) Relative (%)
0.5 1 2.8694(7) 14.2865(8) 20.5 14.5 4.53 12.82

2 2.8950(8) 14.3132(3) 20.5 14.5 2.40 87.18
0.33 1 2.8703(0) 14.2908(4) 21.1 16.7 2.32 71.35

2 2.8938(9) 14.3133(5) 21.1 16.7 4.02 28.65
0.25 1 2.8660(0) 14.2829(0) 24.4 19.3 3.57 86.69

2 2.8928(4) 14.3063(9) 24.4 19.3 5.91 13.31
0.17 1 2.8575(1) 14.2680(7) 26.0 22.4 4.40 100
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series) and a Ni-rich (highx in Li[Ni,Li1/3-2:/3)- measurements were carried out between 4.8 and 2.0V us-
Mn2/3-x/3)]02 series) phase with the sameNaFeQ ing a constant current density of 20 mAlg(about 0.1 C).
structure, respectively. The difference in lattice parameter Plateaux at about 4.5V are observed in the first charge
is due to the larger ionic radius of &i (0.69 A) compared  profile. The plateaux vanish on subsequent charging and
with Mn*t (0.53 A). The portion of the Ni-deficient phase discharging. The voltage profile after the initial charge
(‘phase 1) is only 12.8% in the compound with a high process is very smooth. The length of the plateaux grows
Ni content ofx = 0.5, but increases to about 100% in the longer as Ni content is decreased.

compound with a low Ni content of = 0.17. As shown in The initial charge—discharge capacity and irreversible ca-
Fig. 3bthe entire XRD pattern of Li[Nj17Lig.22Mng 61]O2 pacity are plotted against the Ni contenthig. 5. As the

is fitted well by thea-NaFeQ structure with a single  content of Ni decreases, both the initial charge and irre-
phase. The phase-split may be attributed to the inhomoge-versible capacity increase due to an increase of the plateau
neous mixing of cations (Ni and Mn) that occurs during the region. This irreversible plateau has been observed in the

decomposition process of the source materials. initial charge profile of the solid solution betweenMnO3
(Li[Li 1/3Mﬂ2/3]02) and LIMO; (M = Cr, Ni, Co, )
3.2. Electrochemical behaviour [17-21] Lu et al. have suggested that irreversible plateaux

are due to the simultaneous extraction of both Li and O
The first three charge—discharge curves for the LiNi from the materia[18,20] They assumed that the portion of
Li1/3-2¢/3MnN2/3-x/3]02 (x =0.17, 0.25, 0.33, 0.5) the first charge to 4.45V corresponded to de-intercalation
samples measured at 20 are shown inFig. 4 The of lithium and oxidation of metal ion (Cr, Ni, Co, .) and
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Fig. 4. First three charge-disc arge profiles for Li{Ni(1/3-2./3Mn(2/3-/3]02 (x = 0.17, 0.25, 0.33, 0.5) compounds between 4.8 and 2.0V at constant
current density of 20 mAg.
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H* in non-aqueous media results in a long and irreversible
plateau. The initial discharge capacity of the compounds in-
creases from 200 to 255 mAh§ with decrease in Ni con-
tent. The Li[Ni 50Mng 50]O2 compound delivers a relatively
low initial discharge capacity of about 200 mAh'g On the
other hand, the remaining compounds give very high initial
discharge capacity of over 245 mAhy

The cycle performance of cells with Li[NLi (1/3-2x/3)-
Mn2/3_x/3]O2 cathode materials at 2C is presented
in Fig. 6. The current density and the voltage range are
20mAg !l and 4.8-2.0V, respectively. Li[Ni7Lig.2o-
Mn0‘61]02 and Li[Ni0.25Lio_17Mn0.58]02 COI’T]pOUﬂdS dis-
play very stable cycle performance. The discharge capacities
of these compounds are sustained of about 200 mAtadr
ter the first several cycles. By contrast, the LifMiLig 11-
Mngs6]O2 and Li[Nigs5oMngs0]O2 compounds show a
relatively large loss in capacity on cycling.

The XRD analysis and electrochemical results suggest

the plateau at about 4.5V corresponds to the removal of thethat the simple combustion method, is more appropriate

remaining lithium from the lithium layer, along with the si-

for synthesizing Li[NiLi/3-2./3MNn2/3-x/3]02 com-

multaneous ejection of oxygen. By contrast, Robertson and pounds with low Ni content < 0.25). In previous reports
Bruce [22] have concluded that the exchange of" Lby
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prepared by a mixed hydroxide method has been reported.and discharged with a current density of 20 mA dabout

The mixed hydroxide method will lead to enhancement 0.1 C rate) between 4.8 and 2.0V. After the initial five
in_ homogeneity of cation (M= Mn, Ni, ...), but it re- cycles, the current density is increased to 40 mA gor
quires a rather complex synthetic process. With respectan additional 20 cycles. Current densities of 100 (about
to industrial applications, it is very important to simplify 0.5C rate) and 200mAd (about 1C rate) are adopted
the synthetic procedure in order to minimize the cost of in succession for the subsequent 20 cycles. The discharge
manufacture. Synthesized through a simple combustion capacity is decreased to below 60% of the 5th cycle as the
method, Li[Nip50Mno50]O2 and Li[Nio.33Li0.11MNo.56]02 current density is increased to 200 mAlg but the cycle
compounds appeared to have a mixed phase and show undoes not deteriorate. It is interesting that the discharge ca-
stable cycle performances. Howerver, in terms of discharge pacity measured at 3@ is higher than that at 2, i.e.,
capacity and cycle life, the Li[Nii7Lio22Mnoe1]O2 and by about 10-20 mAhtt. It is clear that a small increase in
Li[Ni 0.25Li0.17Mno58]O2 compounds are as good as sim- test temperature results in a considerable enhancement in
ilar materials prepared by the mixed hydroxide method. discharge capacity at different specific current densities.

As a consequence, Li[NLi(1/3-2¢/3Mn(2/3-x/3)]02> com-

pounds with low Ni contenty < 0.25) can be successfully

synthesized, not only by the complex mixed hydroxide 4. Conclusions

method but also by the simple combustion method except

for small amount of inhomogeneous cation-mixing. Thus,  Li[NixLi(1/3-2¢/3Mn2/3-1/3)]02 (x = 0.17, 0.25, 0.33,

the latter method promises to be an effective means of 0.5) powders have been synthesized by a simple com-

reducing production cost.
The cyclic properties of Li[Nj.17Lio.22Mnge1]O2 and

bustion method. Compounds with low Ni content show
better phase integrity than those with high Ni content. The

Li[Ni g.25Li0.17Mng.58]0> compounds measured at 21 and specific capacity of these materials is 200-255mAhg
30°C as a function of current density are presented in in the initial cycle between 4.8 and 2.0V. The lower
Fig. 7. These compounds display a stable cycle performanceNi contents in the samples results in an enhancement in

at 20mAg?! (seeFig. 6). The cell is initially charged
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Fig. 7. Cycle performance of Li[Nii7Lio.22Mngg1]O2 and Li[Nig.25-
Lio.17Mng58]O2 compounds at 21 and 3C€ as function of constant
current density in voltage range 4.8-20 V.

charge—discharge capacity and initial irreversible capac-
ity. Li[Ni 0.17Li0.22Mng61]O2 and Li[Nig.25Li0.17Mnp 58] O2
display a very stable cycle performance and a sustained
high discharge capacity of about 200 mAh'cafter several
cycles. By contrast Li[Nj50Mng50]O2 compound suffers

an abrupt capacity loss during cycling. The XRD anal-
ysis and electrochemical results suggest that the simple
combustion method is more appropriate for synthesizing
Li[Ni xLi(1/3-2x/3Mn(2/3-x/3]O2 compounds with low Ni
content ¢ < 0.25).
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