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Abstract

Li1−yNi1/3Mn1/3Co1/3O2 (y= 0–0.7) was characterized using neutron diffraction and X-ray absorption fine structure (XAFS) measure-
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ents. LiNi1/3Mn1/3Co1/3O2 adopted the�-NaFeO2 structure and was demonstrated that the chemical formula can be expre
Li 0.97Ni0.03]3a[Li 0.03Ni0.30Mn0.33Co0.33]3bO2. The Li/Li1−yNi1/3Mn1/3Co1/3O2 cell showed a discharge capacity of 160 mAh g−1 in the volt-
ge range 4.6–2.5 V. The Ni K and LII,III -edge X-ray absorption near edge structure (XANES) results clarified the contribution of the

o charge compensation up toy= 0.7 and the rehybridization of the Ni 3d orbital with O 2p orbital abovey= 0.5. The Co K-edge extend
-ray absorption fine structure (EXAFS) results clarified that the CoO bond lengths decreased up toy= 0.7 with Li de-intercalation, whil

he Mn K-edge EXAFS results indicated that the MnO bond lengths showed essentially no change over the whole composition range
esults supported that the Li de-intercalation from LiNi1/3Mn1/3Co1/3O2 proceeded mainly by the valence state change of Ni and Co
ver the whole composition range. The combination of XAFS analysis using hard and soft X-ray data is a powerful method in clar
echanism of the Li de-intercalation process in this system.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Recent reports have shown that the layered oxides
iNi 0.5Mn0.5O2 and LiCo1/3Ni1/3Mn1/3O2 are promising
athode materials for lithium secondary batteries[1–6].
oth LiNi0.5Mn0.5O2 and LiCo1/3Ni1/3Mn1/3O2 adopt the

hombohedral structure of LiCoO2 and LiNiO2 and possess
eversible capacities of 150 mAh g−1 in the voltage range
.5–4.3 V and of 200 mAh g−1 in the voltage range 2.5–4.6 V,
espectively. They show the superior characteristics of larger
apacities compared to LiMn2O4 and better thermal stability
ompared to LiNiO2. Many researchers have concentrated
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their efforts on synthesizing related doped materials in o
to improve the cycle life and thermal stability until n
[7–12].

We have reported on the changes in the structure and
ical properties of various compositions in the solid solut
LiNi 1−xMnxO2, Li1−yNi0.5Mn0.5O2, and Li1−yNi0.5Mn0.4
Ti0.1O2 using a combination of synchrotron XRD ana
sis, neutron diffraction (ND) analysis, maximum entr
method (MEM), and magnetic measurements as e
tive tools for characterizing these systems better[5,6,13–
15]. LiNi 1−xMnxO2 can be represented as Li(Ni2+

xNi3+
1−2x

Mn4+
x)O2 and the chemical formula of LiNi0.5Mn0.5O2

can be expressed as [Li0.91Ni0.09]3a[Li 0.09Mn0.5Ni0.41]3bO2
[5]. In addition, we clarified the structural change
LiNi 0.5Mn0.5O2 during Li de-intercalation process, dem
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strating that it proceeds via a single-phase reaction.
A monoclinic phase was clearly observed aty= 0.5 in
Li1−yNi0.5Mn0.5O2 [6] and the chemical formula of this
phase can be represented as [Ni0.0815]2a{Li0.5Ni0.0115}

4i[Mn0.5Ni0.41�0.093]2dO2 [13]. Detailed information on the
phase transition of Li1−yNi0.5Mn0.5O2 is very important in
order to improve the electrochemical properties of not only
this solid solution but also of related materials.

In the present study, we synthesized Li1−yCo1/3Ni1/3
Mn1/3O2 (y= 0–0.7) and investigated the electrical and local
structural changes of Li1−yCo1/3Ni1/3Mn1/3O2 systemati-
cally using a combination of ND and XAFS (hard and soft
XAFS) measurements. We discussed the mechanism of the
Li de-intercalation process in this system.

2. Experimental

LiNi 1/3Mn1/3Co1/3O2 was prepared using appropri-
ate molar ratios of LiOH·H2O, Ni(CH3COO)2·4H2O,
Mn(CH3COO)2·4H2O, and Co(CH3COO)2·4H2O. The mix-
tures of M(CH3COO)2·4H2O (M = Ni, Mn, Co) were cal-
cined in air at 973 K for 12 h to convert the metal oxalates
to oxides. The resulting oxides were weighed along with
LiOH·H O, mixed, pelletized, and fired in air at 1273 K
f d
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The Ni, Mn, and Co LII,III -edge X-ray absorption near
edge structure (XANES) spectra of the samples were mea-
sured on the BL1A of the UVSOR Facility at the Institute
for Molecular Science (Proposal No. 16-556). The measure-
ments were performed in total electron yield mode, the inci-
dent X-rays were monochromatized with a�-Al2O3 crystal.

3. Results and discussion

3.1. Synthesis and characterization

LiNi 1/3Mn1/3Co1/3O2 was synthesized in air at 1273 K
for 24 h. The Li/Ni/Mn/Co molar ratio of this phase was
determined to be 1.00:0.34:0.33:0.33 by ICP emission
spectrometry. The composition was thus confirmed to
be LiNi1/3Mn1/3Co1/3O2. We reported that the 3a site is
occupied by a small proportion of Ni ions in LiNi0.5Mn0.5O2
using ND measurements[5]; In this case, Ni can be
distinguished from Mn because of the difference in coher-
ent scattering lengths (bc(Ni) = 1.034× 10−12 cm and
bc(Mn) =−0.373× 10−12 cm).

The structure of LiNi1/3Mn1/3Co1/3O2 was refined
using neutron diffraction data, the initial model being
that of LiNi0.5Mn0.5O2 [5], with space groupR3̄m and
atomic positions Li1/Ni1 at 3a(0, 0, 0), Li2/Ni2/Mn/Co
a
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or 24 h. Li1−yNi1/3Mn1/3Co1/3O2 (y= 0.1–0.7) was prepare
lectrochemically using a coin-type cell comprised of Li/
iPF6 in EC:DEC (=1:1) solution/LiNi1/3Mn1/3Co1/3O2,
ith a BTS2004 (Nagano Co. Ltd.) apparatus. The c
de consisted of a mixture having weight composi
atio 86(LiNi1/3Mn1/3Co1/3O2):6(acetylene black):8(PVD
inder).

ND data were collected at room temperature on the
ron powder diffractometer, HERMES, at the Tokai Es
ishment of the Japan Atomic Energy Research Inst
JAERI). The wavelength of the incident neutrons was fi
t 1.82035̊A. The structural parameters were refined
ietveld analysis using the computer program RIETAN2

16] for the ND data.
The Ni, Mn, and Co K-edge X-ray absorption near e

tructure (XAFS) spectra of the samples were measure
he BL7C of the Photon Factory at the National Laborator
igh Energy Physics (KEK-PF) (Proposal No. 2001G1
he measurements were performed in transmission m

he incident X-rays were monochromatized with a Si(1
rystal and a detuning method was used for the suppress
igher harmonics in Mn absorption measurements. Exte
-ray absorption fine structure (EXAFS) data were analy
sing Rigaku REX2000 software. Backgrounds were

racted using an extrapolated Victoreen-plus-constant
unction and the EXAFS oscillationsχ(k) were extracte
sing cubic spline baseline functions. Fourier transfo
ere performed on the normalizedχ(k) with k3 weighting
f a Hanning window in the regionk= 2.5–15.0 for Mn K-
dge andk= 2.5–12.0 for Co K-edge.
t 3b(0, 0, 1/2), and O at 6c(0, 0,z) where z∼ 0.25.
n the basis of this structural model, we attempte
ccurately determine both the distribution of the cat
n the 3a and 3b sites and the thermal factors using
ata. The occupation parameters of Mn and Co at th
ite were fixed and that of Ni2 at the 3b site was refi
he total occupancies of both the 3b sites contai
i2/Ni2/Mn/Co and the 3a sites containing Li1/Ni1 we
onstrained to be unity [Li2(g) + Ni2(g) + Mn(g) + Co(g) =
nd Li1(g) + Ni1(g) = 1]. Further constraints were introdu
uch that the sum of the Li occupancies over the two
as constrained to be unity [Li1(g) + Li2(g) = 1] and the s
f the Ni occupancies was that of the value correspon

o the composition [Ni1(g) + Ni2(g) + Mn(g) + Co(g) = 1
e can confirm that our refined structural model sho

ood fitting with lowR value.Fig. 1 shows the observe
alculated and difference diffraction profiles for the
ietveld refinement of the host material LiNi1/3Mn1/3
o1/3O2, and the structural parameters are summa

n Table 1. These results imply that the chemical f
ula of LiNi1/3Mn1/3Co1/3O2 can be represented

Li 0.97Ni0.03]3a[Li 0.03Ni0.30Mn0.33Co0.33]3bO2.

.2. XANES measurements

Li1−yNi1/3Mn1/3Co1/3O2 (y= 0.1–0.7) was synth
ized electrochemically.Fig. 2 shows the first charg
nd discharge curves of LiNi1/3Mn1/3Co1/3O2. The
i/LiNi 1/3Mn1/3Co1/3O2 cell had a discharge capacity
60 mAh g−1 in the voltage range 4.6–2.5 V.Fig. 3 shows
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Fig. 1. First charge and discharge curves of the Li/LiNi1/3Mn1/3Co1/3O2 cell
with a current density of 0.2 mA cm−2.

Table 1
Structural parameters for LiNi1/3Mn1/3Co1/3O2 determined using the neu-
tron data

Atom Site g x y z B(Å2)

Ni 3a 0.0337 0 0 0 0.40(13)
Li 3a 0.9663 0 0 0 =B(Ni)
Ni2 3b 0.2996(17) 0 0 1/2 0.02(8)
Li2 3b 0.0337 0 0 1/2 =B(Ni2)
Mn 3b 0.3333 0 0 1/2 =B(Ni2)
Co 3b 0.3333 0 0 1/2 =B(Ni2)
O 6c 1 0 0 0.24126(8) 0.77(4)

a= 2.8598(17)Å, c= 14.225(6)Å, Rwp = 5.57%,Re = 3.74%,RI = 3.24%,
RF = 1.84%.

the Ni K-edge XANES spectrum. The Ni K-edge XANES
spectrum corresponds to a valence state of Ni2+ at y= 0 and
displays a continuously shift to higher photon energy up
to y= 0.6, indicating a change in the valence state first to
Ni3+ and then to Ni4+ on de-lithiation. There is a little shift
in energy betweeny= 0.6 and 0.7. On the other hand, the
Mn and Co K-edge XANES spectra correspond to valence
states of essentially Mn4+ and Co3+ respectively aty= 0,

Fig. 2. Observed, calculated and difference diffraction profiles of LiNi1/3

Mn1/3Co1/3O2 for Rietveld refinement using ND data.

Fig. 3. Ni K-edge XANES spectra for Li1−yNi1/3Mn1/3Co1/3O2 (y= 0–0.7).

and show little deviation from the valence states of Mn4+

and Co3+ up to y= 0.7. Fig. 4 shows the Ni LII,III -edge
XANES spectrum. The Ni LII,III -edge XANES spectrum at
y= 0 is similar to that of NiO with a valence state of Ni2+.
The Ni LII -edge XANES spectrum shows a continuously
shift up toy= 0.7, while the Ni LIII -edge XANES spectrum
shows the appearance of a shoulder peak at∼855 eV clearly
abovey= 0.5, indicating the rehybridization of the Ni 3d
orbital with O 2p orbital. On the other hand, the Mn and Co
LII,III -edge XANES spectra show essentially little change
over the whole composition range.

F
0

ig. 4. Ni LII,III -edge XANES spectra for Li1−yNi1/3Mn1/3Co1/3O2 (y=
–0.7).
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Fig. 5. Composition dependence of the MO (M = Mn and Co) bond length.

3.3. Local structure

The changes in local structure around M (M = Mn and Co)
cations were also investigated, using the M K-edge EXAFS
measurements. In our study scattering from the Li atoms
has been neglected since the photoelectron backscattering
amplitude from Li is very weak. Curve fitting was carried out
using one shell model in the filtered rangeR= 1.0–2.0Å for
M O (M = Mn and Co). The coordination number was fixed
at 6.Fig. 5 shows the composition dependence of the MO
(M = Mn and Co) bond length. The increase of Co4+ con-
tent on de-lithiation is clearly illustrated inFig. 5where the
Co O bond length becomes smaller from 1.947 to 1.914Å up
to y= 0.7. On the other hand, the MnO bond length shows
essentially no deviation from the values of 1.926–1.916Å
over the whole composition ranges. Thus, EXAFS analy-
sis has demonstrated that the extraction of Li ions from
LiNi1 /3Mn1/3Co1/3O2 proceeded partially by a valence state
change from Co3+ to Co4+ up toy= 0.7.

3.4. Discussion

We have reported that the chemical formula of
LiNi 0.5Mn0.5O2 can be expressed as [Li0.91Ni0.09]3a
[Li 0.09Mn0.5Ni0.41]3bO2 [5]. In this study, we clarified that
the chemical formula of LiNi1/3Mn1/3Co1/3O2 can be rep-
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reported that the oxygen ions are responsible for charge
compensation during the charge–discharge process in
Li1−y[Li 0.15Ni0.275−xMgxMn0.575]O2 (x= 0 and 0.04) and
Li1−yNi0.5Mn0.5O2 using the O K-edge XANES spec-
troscopy[9]. Yoon et al. reported that the holes compensating
Li ion de-intercalation are located in O 2p states as well as
Ni 3d state at higher states of charge in Li1−yNi0.5Mn0.5O2
using the O K-edge XANES spectroscopy in the fluorescence
yield mode[17].

In this study, the Ni K and LII,III -edge XANES results
indicated the contribution of the Ni ion to charge com-
pensation up toy= 0.7 in Li1−yNi1/3Mn1/3Co1/3O2. The
Co K-edge EXAFS results indicated that the change in
valence state from Co3+ to Co4+ asy increased was clearly
detected by a decrease of the CoO distances. These results
supported that the Li de-intercalation proceeded mainly by
the valence state change of Ni and Co ions over the whole
composition range. The combination of XAFS analysis using
hard and soft X-ray data is a powerful method in clarifying
the mechanism of the Li de-intercalation process in this
system.

4. Conclusion

Structural analysis using ND data demonstrated that
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esented as [Li0.97Ni0.03]3a[Li 0.03Ni0.30Mn0.33Co0.33]3bO2.
hese results imply that the Co-doping to LiNi0.5Mn0.5O2 is
ffective way to suppress the disordering of Li and Ni i
etween the 3a and the 3b sites.

Several researchers have reported on Li de-intercal
echanism in LiNi0.5Mn0.5O2-related materials from th
erspective of the electronic structure. One of
uthors (YA) reported that the extraction of Li fro
iNi 0.5Mn0.5O2 proceeded in association with oxidat
f Ni2+ to Ni3+, not oxidation of Mn, from the N
nd Mn K-edge XAFS spectroscopy[6]. Sun et al
he chemical composition of LiNi1/3Mn1/3Co1/3O2 can be
xpressed as [Li0.97Ni0.03]3a[Li 0.03Ni0.30Mn0.33Co0.33]3bO2
nd that Co-doping to LiNi0.5Mn0.5O2 is effective way to
uppress the disordering of Li and Ni ions between th
nd the 3b sites. The Li/LiNi1/3Mn1/3Co1/3O2 cell showed
discharge capacity of 160 mAh g−1 in the voltage rang

.6–2.5 V. The XAFS analysis using both hard and
-ray data clarified that the extraction of lithium fro
i/LiNi 1/3Mn1/3Co1/3O2 proceeded mainly by the oxidati
f Ni and Co ions.
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