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Synthesis and Electrochemical Characteristics
of Li 0.7†Ni1Õ6Mn5Õ6‡O2 Cathode Materials
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Li0.7@Ni1/6Mn5/6#O2 powders have been prepared by ion exchange of Li for Na in Na2/3@Li1/6Mn5/6#O2 precursor synthesized by a
sol-gel method using glycolic acid as a chelating agent. The material delivers 180 mAh/g and shows excellent cyclability, retaining
98% ~0.0486 mAh/g•cycle! of the initial capacity after 50 cycles. The electrochemical behavior and structural transformation of
Li0.7@Ni1/6Mn5/6#O2 electrode after cycling was investigated using X-ray diffraction, transmission electron microscopy~TEM!, and
cyclic voltammetry~CV!. Both charge/discharge and CV curves indicate that the Li0.7@Ni1/6Mn5/6#O2 powder has a unique elec-
trochemical property that differs from those of the layered or spinel Li-Mn-O phases. Close examination of the powder structure
using TEM revealed that the as-prepared powder consists of a new type of defective spinel structure with a high density of planar
faults along a particular crystallographic direction, which appears to be removed by the electrochemical cycling.
© 2002 The Electrochemical Society.@DOI: 10.1149/1.1501097# All rights reserved.
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The Li-Mn-O system has generated a great deal of interest a
insertion cathode for rechargeable lithium batteries due to its h
energy density, low cost, and low toxicity. Intensive research effo
have been spent on the spinel LiMn2O4 as the most promising can
didate in spite of its lower discharge capacity compared to LiCo2

and LiNiO2.1-6 However, a wide use of the spinel material has be
limited due to the gradual degradation of its capacity over exten
electrochemical cycling. The capacity fading has been attributed
number of reasons including the spinel particle dissolution in
electrolyte, the Jahn-Teller effect, and lattice instability. Moreov
the LiMn2O4 electrode shows a poor cycling behavior due to
accelerated Mn dissolution at high temperatures around 50-80°7-9

As an alternative Li-Mn-O material to the spinel LiMn2O4, the
LiMnO2 layered structure has been actively studied due to its h
theoretical discharge capacity of 285 mAh/g, which is nearly tw
that of spinel LiMn2O4. To harness such large discharge capacity
the LiMnO2, many research groups have attempted to prep
monoclinic LiMnO2 ~m-LiMnO2! with the O3~a-NaFeO2! structure
and orthorhombic LiMnO2 ~o-LiMnO2!. However, both the m- and
o-LiMnO2 were observed to undergo a detrimental phase trans
mation to a spinel-like phase through minor atomic rearrangem
during the first removal and subsequent cycling of Li, leading
eventual degradation of electrode performance.10-17

Recently, Paulsenet al. reported that the high-temperature O
type Li0.7@Ni1/3Mn2/3#O2 prepared by ion exchange Li for Na from
the P2-type Na0.7@Ni1/3Mn2/3#O2 showed a large capacity of abou
180 mAh/g, good capacity retention, and did not convert to sp
on cycling.18-20 In order to further stabilize the layer structure, ma
research groups have studied the Mn-substituted LixMyMn1-yO2 ~M
5 Al, Cr, Co, Ni, Li, Ti, Mg!.15-19,21Quine et al. reported that al-
though m-LixMn0.95Ni0.05O2 prepared by ion-exchanging o
NaMn0.95Ni0.05O2 delivered a reversible capacity retention of 2
mAh/g between 4.8 and 2.4 V, showing good capacity retention a
50 cycles, the material transformed slowly to a spinel-like mate
during cycling.22 LiCrxMn1-xO2 cathodes with low-level substitu
tion prepared by solid-state reaction showed a minimal degre
phase transformation to a spinel-type structure during cycling
tween 4.4 and 2.0 V and maintained the initial hexagonal structu23
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In this work, we have attempted to synthesize a layered struct
Li 0.7@Ni1/6Mn5/6#O2, through ion exchange of Li for Na from the
Na0.7@Ni1/6Mn5/6#O2 precursor which was prepared by a sol-g
method. In the process, we have fortuitously discovered a new
fective spinel structure whose chemical formula is likely to be L1.4

Ni1/3Mn5/3O4 and, more importantly, the material does not show
noticeable capacity fade when cycled from 2.0 to 4.6 V, typica
exhibited by the normal LiMn2O4. Because it is difficult to clearly
distinguish the layered structures~especially, m-LiMnO2! after ion
exchange from the spinel phases due to the similarity of X-ray
fraction ~XRD! patterns, we have utilized transmission electron m
croscopy~TEM! to conclusively prove that the initial powder ha
the new defect spinel structure with unique electrochemical cyc
behavior.

Experimental

Na0.7@Ni1/6Mn5/6#O2 precursor was synthesized using
sol-gel method. NaCH3COO, Ni~CH3COO!• 4H2O, and
Mn~CH3COO!2•4H2O salts with a cationic ratio of Na:Ni:Mn
5 0.7:1/6:5/6 were dissolved in distilled water. The dissolved so
tion was added dropwise to a continuously stirred aqueous solu
of glycolic acid as a chelating agent. The molar ratio of chelat
agent to total metal ions was fixed in unity. The pH of the soluti
was adjusted to be in the range of 8-9 by adding ammonium hyd
ide. The resultant solution was evaporated at 70-80°C until a tra
parent sol and gel was obtained. The resulting gel precursors w
decomposed at 450°C for 10 h in air, calcined at 800°C in air for
h, and then quenched to room temperature.

The prepared precursor, Na0.7@Ni1/6Mn5/6#O2 powders, were in-
troduced into a mixed solution of hexanol and lithium bromide. T
ion exchange of Na for Na0.7@Ni1/6Mn5/6#O2 with Li was carried out
at 160°C for 3 h in thesolution in a batch reactor equipped with
reflux condenser to prepare Li0.7@Ni1/6Mn5/6#O2. After the reaction,
the solution was filtered using a vacuum suction filtering equipm
and the remaining powder was washed with ethanol. The was
powder was dried at 180°C for 1 day in a vacuum oven.

Powder XRD ~Rigaku, Rint-2000! using Cu Ka radiation was
used to identify the crystalline phase of the materials. Rietveld
finement was then performed on the XRD data to obtain lat
constants. TEM~JEOL 2010, Japan! was used in conjunction with
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XRD to elucidate the powder structure prior to and after elec
chemical cycling.

The electrochemical characterization was carried out us
CR2032 coin-type cells. The cell consisted of a cathode an
lithium metal anode separated by a porous polypropylene film.
the fabrication of the electrode, the mixture, which contained 25
Li0.7@Ni1/6Mn5/6#O2 powders and 15 mg conducting binder@10 mg
Teflonized acetylene black~TAB! and 5 mg graphite#, was pressed
on 2.0 cm2 stainless screen at 800 kg/cm2. The used electrolyte wa
a 1:2 mixture of ethylene carbonate~EC! and dimethyl carbonate
~DMC! containing 1 M LiPF6 by volume. The cell was first charge
and discharged at a current density of 0.4 mA/cm2 with cutoff volt-
ages from 2.0 to 4.2 V~vs. Li/Li 1 ! for three cycles. The uppe
voltage was sequentially increased by 0.2-4.4 V~3 cycles!, and then
finally cycled to 4.6 V.

Results and Discussion

Figure 1 shows the XRD pattern of the as-prepa

Figure 1. XRD for the as-prepared Li0.7@Ni1/6Mn5/6#O2 powder.

Figure 2. Charge-discharge curves for Li0.7@Ni1/6Mn5/6#O2 cell as a function
of cycle number.
-
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r

g

Li0.7@Ni1/6Mn5/6#O2 powder. As can be seen from the indexed XR
pattern, the XRD data closely matches the spinel structure whil
is true that it is difficult to differentiate the spinel structure from t
equivalent layered phases. The spinel structure for the as-prep
was rather unexpected since the stable undistorted P2- Na2/3MnO2
phase has been previously reported when the powder was prep
in air at 700°C.24 It is also observed that the~003! peak~2u 5 16°!
from the Na phase has disappeared, indicating that the ion exch
process is complete. Its chemical formula was determin
through inductively coupled plasma~ICP! analysis to be

Figure 3. Specific discharge capacity for the Li/ Li0.7@Ni1/6Mn5/6#O2 cell as a
function of cycle number.

Figure 4. CVs of Li0.7@Ni1/6Mn5/6#O2 electrode at 10mV/s.
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Figure 5. ~a! Electron diffraction pattern of a powder particle before cycli
in the @001# zone~spots indicated by arrows are forbidden peaks!; ~b! bright
field TEM image of the as-prepared powder;~c! ~400! dark field TEM image
of the powder before cycling.
Li0.67@Ni0.17Mn0.83#O21y. The average oxidation state of mangane
in the material was 3.53, which was measured by a potentiome
and a back titration method. This value is very similar to theoreti
average oxidation state of manganese, which value is 3.57.

Figure 2 shows the charge-discharge curves for
Li/Li 0.7@Ni1/6Mn5/6#O2 cell with the corresponding discharge capa
ity as a function of cycle number shown in Fig. 3. The Li0.7@Ni1/6

Mn5/6#O2 electrode initially delivered a charge capacity of 35 a
146 mAh/g during first two cycles when Li/ Li0.7@Ni1/6Mn5/6#O2 cell
was cycled between 4.2 and 2.0 V, respectively. The discharge
pacity of the electrode subsequently increases with increasing u
voltage and delivers a discharge capacity of 172 mAh/g after se
cycles. When the voltage level was raised to 4.6 V, the electr
showed an excellent cycling behavior, retaining 98%~0.0486 mAh/g
• cycle! of the initial capacity after 50 cycles at C/9 rate. Recen
Quine and co-workers reported that layered LixMn1-yNiyO2 with the
O3 ~a-NaFeO2! structure delivers a high capacity of 220 mAh/g
the voltage 2.4-4.8 V; however, the cycled electrode transforme
a spinel-like structure after scores of cycling.22 Although the dis-
charge curve at the first~2.0-4.2 V! and fourth cycle~2.0-4.4 V!
shows two distinct plateaus at around 4 and 3 V resembling
observed for a spinel-type manganese oxide structure, the vo
profile after eight cycles~2.0-4.6 V! evolves more structure with
distinct inflection in the curve atca. 40 and 140 mAh/g. The middle
part of the discharge curve~e.g., 40-100 mAh/g! shifts to lower
voltage on subsequent charge-discharge cycling, but the curve
tains the distinct inflection. The most important feature in Fig. 2
that no further capacity change~loss or increase! is observed at all
after the initial ten cycles, suggesting that no additional phases
formed in our material during cycling. In addition, the dischar
curves at around the 2.8 V region stabilize upon further cycling,
no significant change in the voltage profile of the charging curve
observed.

Shown in Fig. 4 is a slow sweep cyclic voltammogram~CV! of
the Li0.7@Ni1/6Mn5/6#O2with a scan rate of 0.1 mV/s between th
potential range of 2.0 and 4.6 V. For comparison, a spinel LiMn2O4
is also presented in Fig. 4. Two pairs of clearly separated oxida
and reduction peaks of the Li0.7@Ni1/6Mn5/6#O2 are observed at 2.75
4.00 and 3.18-4.05 V. In subsequent cycles, the two pairs of ox
tion and reduction peaks do not change. The most peculiar cha
teristics of the CV is the occurrence of a large oxidation pe
located at 4.53 V on the first charge, which completely disappea
in subsequent cycles. The areas under the two redox peaks a
most equal. These results indicate that the intercalat
deintercalation of Li ions each occur in two-stage processes and
reversible in this material.

To understand the phase transformation induced by the cyclin
detail, the TEM analysis was carried out with the material pre
ously used for the capacity cycle test, where the sample was
lyzed in the fully discharged state~2 V!. When the as-prepared
powder was examined using TEM, the electron diffraction stu
revealed a fourfold symmetry which none of the layered structu
~orthorhombic, monoclinic, O2, O3...! can possess. Further TEM
examination together with the XRD data led us to believe that
powder had the spinel structure with a high degree of thin plate

planar faults on the~1̄10! planes, as indicated by the streaks para

to the @1̄10# direction in the electron diffraction pattern shown
Fig. 5a. The streaks in the diffraction pattern occur due to thin pla

lets of defects aligned normal to the@1̄10# direction. The forbidden
reflections in the face-centered cubic~fcc! spinel structure also can
be seen in the electron diffraction pattern. Shown in Fig. 5b an
are the corresponding bright and~400! dark field images of the
as-prepared powder particle, which do not show typical stack
fault contrast. Instead, as can be clearly seen from the dark
image, the particle appears to be composed of highly faulted e
gated domains. We have found that all the particles examined in
@001# zone showed similar diffraction patterns and images. The p
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nar faults seen in the diffraction pattern could have arisen from

wrong stacking sequence along the@1̄10# direction; however, the
spinel with fcc structure forms its stacking fault in the@111# closed-

packed direction. Moreover, the presence of the~1̄10! reflection and
the disordered appearance in the bright and dark field image sug
that the fault is related to the breakdown of symmetry among$110%
planes, leading to the generation of the forbidden diffraction pe
LiMn2O4 has been previously doped with Ni up to LiNi0.5Mn1.5O4.5

Similar to our material, LiNi0.5Mn1.5O4 did suppress the Jahn-Telle

Figure 6. ~a! Electron diffraction pattern of a powder particle after cyclin
in the @001# zone;~b! diffraction pattern of a different particle in the@111#
zone.
e

st

.

distortion due to the doped divalent Ni but showed a different el
trochemical cycling behavior with gradual decrease in the discha
capacity. No such faulted structure was reported in the LiNi0.5Mn1.5

O4 material. The Ni doping alone does not seem to be respons
for producing the distorted spinel-like structure; it appears that
disorder in the~110! plane could have come from the rearrangem
of atoms in the plane due to the nonstoichiometry of Li and
doping during the ion-exchange process.

Figure 6 shows the electron diffraction patterns of two differe
particles after cycling taken along different zones. As can be s
the diffraction patterns in@001# and@111# zones no longer show the
streaks and forbidden reflections associated with the structural
tortion. The electrochemical cycling appears to have improved
crystallinity of the material, removing the planar faults on the~110!
plane. The inflection in the discharge curve in Fig. 3 may be rela
to the removal process of the planar fault during Li insertion. Ho
ever, both diffraction patterns are missing$220% reflections whose
intensity is supposed to be weak compared to the$440% reflections.
Since the$220% peaks represent cation occupancy of the tetrahe
8a sites,25 its absence is indicative of the distorted spinel struct
after the cycling.

The TEM study of Li0.7@Ni1/6Mn5/6#O2 indicates that the as
prepared material is highly faulted with a new type of direction
planar fault that is unstable against the electrochemical cycling.
though we cannot explain how such fault improves the capacity f
exhibited by the normal spinel LiMn2O4 material, the Li0.7@Ni1/6

Mn5/6#O2 produced through the ion-exchange process represen
new type of defective spinel structure with unique electrochem
property.

Conclusions

Li0.7@Ni1/6Mn5/6#O2 has been prepared by ion exchange of Li f
Na in Na0.7@Ni1/6Mn5/6#O2 precursor synthesized by a sol-gel meth
using glycolic acid as a chelating agent. The material consists
new type of defective spinel structure and shows good cycling
havior, retaining 98%~0.0486 mAh/g•cycle! of the initial capacity
after 50 cycles. Close examination of the powder structure us
TEM revealed that the as-prepared powder was highly faulted w
planar faults, which appears to be removed by the electrochem
cycling. The synthesis of the material and the electrochemical p
erty of the material was quite reproducible. Further detailed inv
tigation is underway in order to determine the mechanism for
formation of such highly directional planar faults and its effects
the cycling behavior.

Hanyang University assisted in meeting the publication costs of this
ticle.
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