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Abstract

Ž .LiM Mn O MsCo, Ni materials have been synthesized by a melt-impregnation method using g-MnOOH as the manganesex 2yx 4

source. Highly crystallized LiM Mn O compounds were synthesized at a calcination temperature of 8008C for 24 h in air. Allx 2yx 4
Ž .compounds show a single phase except for LiNi Mn O based on the X-ray diffraction XRD diagram. With the increase of the0.5 1.5 4

doping content from 0.1 to 0.5, the capacity of doping materials decreases mainly in the 4 V region.
Ž . Ž .Although LiM Mn O MsCo, Ni compound shows a small capacity in the 3q4 V region compared with parent LiMn O , it0.5 1.5 4 2 4

is a very effective material in reducing capacity loss in the 3 V region that is caused by the Jahn–Teller distortion. The doping of Co and
Ni ions in the LiMn O cathode material promotes the stability of this structure and provides an excellent cyclability. q 2000 Elsevier2 4

Science S.A. All rights reserved.
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1. Introduction

Ž .The layered oxide materials, LiMO MsCo, Ni ,2

have been investigated as cathode materials for lithium
secondary batteries. LiCoO is currently used as a cathode2

material of the commercial lithium ion battery. Also,
LiMn O has been widely investigated because of its cost2 4

performance, environmental merit and easy preparation
w xmethod compared with other cathode materials 1,2 .

Although the LiMn O spinel shows an excellent cycle2 4

performance in the 4 V region at room temperature, stoi-
chiometric LiMn O cell indicates a significant capacity2 4

Ž .fading when it is used in the 3q4 V region. The two
distinct plateaus at 4.05 and 4.15 V are usually displayed
when the lithium insertionrextraction in Li Mn O is upx 2 4

Ž .to xs1.0. The insertion of extra Li x)1 results in a
sharp voltage drop to the 2.8 V plateau, which corresponds
to the coexisting phase of the cubic LiMn O and the2 4

Ž .tetragonal Li Mn O xs2 . This phenomenon is called2 2 4

the Jahn–Teller distortion and is caused by the presence of
Ž 3q. w xJahn–Teller ions Mn 3,4 .

) Corresponding author. Tel.: q81-952-28-8673; fax: q81-952-28-
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The Jahn–Teller transition, which is related to the large
volume change in the unit cell, provides the origin of the
large capacity fading measured in the LirLi Mn O cellsx 2 4

w xwhen cycled over the 0-x-2 range 4–6 . It is also well
known that full lithium insertionrextraction process has
led to the gradual decay of its original structure and
LiMn O has indicated fast capacity loss when used at the2 4
Ž . w x3q4 V region 7 .

However, we have found that LiMn O synthesized2 4

using g-MnOOH as the manganese source was better
stabilized upon cycling; nevertheless, it was cycled at
Ž .3q4 V region. We also succeeded in synthesizing the
LiM Mn O materials with excellent cycle retentionx 2yx 4

rate as well as a large capacity in the 4.2–2.0 V range.
Therefore, we report the characterizations of LiM -x

Ž .Mn O MsCo, Ni materials and the reason why they2yx 4

show large discharge capacity and good cyclability in the
wide voltage region.

2. Experimental

The cathode materials were synthesized using LiOH,
Ž .Co O , Ni OH and g-MnOOH as starting materials.3 4 2

ŽThese materials were mixed in appropriate ratios xs
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.0.1–0.5 and ground in a mortar. These compounds were
precalcined at 4708C for 5 h in air, followed by heating at

w x8008C for 24 h by the melt-impregnation method 8,9 .
Ž .The powder X-ray diffraction XRD, Rint 1000, Rigaku

using Cu K radiation was performed at room temperaturea

to identify the crystalline phase of the powders that were
prepared with different Co or Ni contents.

The electrochemical characterizations were performed
using CR2032 coin-type cells. The method of assembling
the cell was as follows: the cathode was 20 mg of accu-
rately weighed active material and 13 mg of conductive
binder. It was pressed on a 25-mm2 stainless steel mesh
used as the current collector at 300 kgrcm2 and dried at
2008C for 5 h in an oven. This cell consisted of a cathode

Ž .and a lithium metal anode Cyprus Foote Mineral sepa-
rated by a porous polypropylene film as the separator
Ž .Celgard 3401 . The electrolyte used was a 1-M LiPF -eth-6

Ž . Ž . Žylene carbonate EC rdimethyl carbonate DMC 1:2 by
.volume . The cell was assembled in an argon-filled dry

box and tested at room temperature. The charge and
discharge current density was 0.4 mArcm2 with cut-off

Ž q.voltages of 2.0 to 4.2 V vs. LirLi .

3. Results and discussion

Fig. 1 shows the XRD patterns of the LiCo Mn Ox 2yx 4

and LiNi Mn O samples when x is from 0.0 to 0.5.x 2yx 4

These samples were synthesized at 8008C for 24 h in air.
LiCo Mn O samples show a single-phase spinelx 2yx 4
Ž .Fd3m and no impurities over the whole range.
LiNi Mn O shows the same pattern, as compared withx 2yx 4

LiCo Mn O until x is 0.3. However, it shows a slightlyx 2yx 4

different behavior in the XRD pattern when x is 0.5. The
other peaks that correspond with NiO is shown in Fig.
Ž .1 e . This means that the substituted Ni ion in the spinel

structure cannot form a solid solution perfectly when x is
0.5. It may be very difficult to prepare the Ni doped spinel

w xvia the solid state reaction. Amine et al. 10 reported that
LiNi Mn O , which was synthesized by conventionalx 2yx 4

solid-state method, is always observed in NiO peaks when
the nickel amount is over 0.2. It is needed in several
re-calcination processes at high temperature to obtain pure
nickel-doped spinel. However, in our research, the NiO
peaks appeared slightly when x was only 0.5, and the
peak was very weak. We also confirmed that the NiO
impurities could be removed completely by the re-calcina-
tion process. It means that the melt-impregnation method
Ž .a kind of solid-state method is more effective than the
conventional solid-state method to obtain homogeneous

w xcompounds 10 .
The sinurl–b cosurl plot of the LiCo Mn Ox 2yx 4

compound is shown in Fig. 2. The following equation can
w xbe introduced using the Scherrer equation 11,12

bcosurls1r´q2h sinurlŽ .

Fig. 1. XRD patterns of LiCo Mn O and LiNi Mn O com-x 2yx 4 x 2yx 4
Ž . Ž . Ž . Ž . Ž .pounds; a xs0.0, b xs0.1, c xs0.2, d xs0.3, e xs0.5.

where b is the integral width of the intensity peak, h

indicates the strain of the crystalline structure, and ´

˚ Žmeans the crystallite size. The l value is 1.5405 A Cu
.K . It was clarified that the capacity loss on the cyclinga

Ž .at 3q4 V region decreased with increase in the slope
Ž .value of Hall plot s2h value from the results of this

Ž Ž ..crystal analysis see Figs. 2 and 5 a . LiMn O , which2 4

was synthesized using g-MnOOH as the Mn source, has a
Ž y3 .larger h value hs1.46=10 than other Mn sources.

The h values of LiMn O using CMD and EMD are2 4

0.00=10y3 and 0.45=10y3, respectively. It means that
Ž .LiMn O using g-MnOOH has a smaller crystallite size2 4

and higher strain in the structure. All metal ion-doped
spinels in this research show a higher h value than that of

Ž .the other LiMn O using CMD and EMD and increase h2 4

value in proportion to the doping content. Therefore, we
considered that the crystallite size and the strain in the
structure were important factors for the structure change of
LiMn O and LiM Mn O materials These properties2 4 x 2yx 4 .

also can bring about different physical characterizations
and electrochemical behaviors in the wide voltage region.
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Fig. 2. The sinu rl– b cosu rl plot of LiCo Mn O compounds. hx 2yx 4
y3 Ž . y3 Ž . y3value was 1.9=10 xs0.1 , 3.321.9=10 xs0.2 , 4.131.9=10

Ž . y3 Ž .xs0.3 and 5.491.9=10 xs0.5 .

Fig. 3 shows the first charge–discharge curves of the
Lir1M LiPF -ECrDMCrLiCo Mn O and LiNi -6 x 2yx 4 x

Mn O cells when x is 0.1 and 0.5. It was galvanostati-2yx 4

cally carried out at a constant charge–discharge current
density of 0.4 mArcm2 between 2.0 and 4.2 V. The
LiCo Mn O cell shows each distinct plateau at 3 and 40.1 1.9 4

V. According to the increase in the Co content, the total
capacity of the LiCo Mn O compound decreases stepx 2yx 4

by step and capacity loss almost occurs in the 4 V region.
Unlike the Co-substituted compound, the LiNi Mn O0.5 1.5 4

powder shows a different voltage profile. Although
Ž .LiNi Mn O exhibits each plateau in the 3q4 V0.1 1.9 4

region as Co-doped material, LiNi Mn O cell shows0.5 1.5 4

only one plateau in the 3 V region. Because the spinel
must be electrically compensated by the oxidation of Mn3q

to Mn4q, the valence of manganese ion in this material
changes to Mn4q. Some groups also have been explained

Ž . Ž .Fig. 3. Theoretical capacity for divalent zs2 and trivalent zs3
metal ion-doped spinel and measured capacity of Co and Ni-doped

w x w Ž . Ž . Ž . xspinel; Li I Mn III Mn IV M z I O , s s vacancyx 1yx 8a p q r s 16d 4

content.

w xas follows 10,13 : because all Mn ions in LiNi Mn O0.5 1.5 4

are tetravalent, an oxidization reaction that changes Mn4q

3q Žto Mn by the electrochemical reaction at 4 V vs.
q.LirLi is very difficult to occur. Therefore, the

LiNi Mn O cell does not show a 4 V plateau in the0.5 1.5 4
Ž . 3q3q4 V region. It means that only Mn ion contributes
to the chargerdischarge capacity in the 4 V region. The
chargerdischarge capacity in the 4 V region decreases
with the increase in x value. We confirmed that our

w xresults agreed with that of the other group 10 .
We suggest another possibility as to why it shows a

different initial capacity between the Co- and Ni-doped
material as shown in Fig. 3. When metal doped ions were
substituted into the spinel structure, the oxidation states of
Co and Ni are trivalent and divalent, respectively. It has
already been revealed using X-ray photoelectron spec-

Ž . w xtroscopy XPS by Amine et al. 10 . The substituted Ni
ion induces a higher average manganese oxidation state
than that of the Co-doped spinel. We have already reported

Fig. 4. The first charge–discharge curves for Lir1M LiPF -ECrDMCr6
Ž .LiM Mn O cells with various doping contents. a LiCo Mn O ,x 2yx 4 0.1 1.9 4

Ž . Ž . Ž .b LiCo Mn O , c LiNi Mn O , d LiNi Mn O . Cycling0.5 1.5 4 0.1 1.9 4 0.5 1.5 4

was carried out at a constant charge–discharge current density of 0.4
mArcm2 between 2.0 and 4.2 V.
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the calculation method for the theoretical capacity of the
w xmetal ion-doped spinels 14 . The theoretical capacity in-

creases with increasing oxidation number of the doped
metal ion at the same doping content. Fig. 4 shows the
relations of the theoretical capacity and doped metal ion of
the LiM Mn O compounds. The cycle test was per-x 2yx 4

Ž .formed in the 4 V region 3.5–4.5 V and the current rate
was 0.4 mArcm2. This result explains well the reason why
LiCo Mn O has to indicate a much higher capacityx 2yx 4

than the Ni-doped compound. Because the valence states
of Co and Ni are different, each compound showed such a
different cycle characterization. We confirmed that our
results are coincident with theoretical values, as shown in
Fig. 4. Furthermore, we found that the LiNi Mn Ox 2yx 4

compound has a higher the number of vacancy in this
Ž .structure 0.025-s-0.03 . The vacancy content in the

Fig. 5. The plot of specific discharge capacity vs. number of cycles for
the Lir1M LiPF -ECrDMCrLiM Mn O cells with various doping6 x 2yx 4

Ž . Ž .contents. a LiCo Mn O b LiNi Mn O Cycling was carriedx 2yx 4 x 2yx 4.

out at a constant charge–discharge current density of 0.4 mArcm2

between 2.0 and 4.2 V.

16d site for Co-doped materials is lower than that of
Ni-doped materials. It can also be a reason that the
LiCo Mn O material shows a larger discharge capacityx 2yx 4

than the LiNi Mn O compound.x 2yx 4
Ž .Fig. 5 a shows plots of the discharge capacity vs. the

cycle number of a test cell using the LiCo Mn Ox 2yx 4

compound. The stoichiometric LiMn O delivered a dis-2 4

charge capacity of 248.5 mA hrg, while the last capacity
after the 50th cycle was 188 mA hrg. However,
LiCo Mn O delivered 175 mA hrg and 157.2 mA0.5 1.5 4

Žhrg. The cycle retention rate increases from 75.8% xs
. Ž . Ž .0.0 to 90% xs0.5 . Fig. 5 b shows the cycle character-

ization of the LiNi Mn O cell at various doping con-x 2yx 4

tents. Although the LiNi Mn O powder shows a dif-0.1 1.9 4

ferent cycle behavior in all compounds, the cycle perfor-
mance of each compound enhances accordingly as the

Ž .nickel content increases. LiM Mn O MsCo, Nix 2yx 4

materials showed an excellent cycle retention rate as well
as high discharge capacity. The stability in charge–dis-
charge cycling increased with increase in h value. We
concluded that the crystallite size and the strain in the
structure were important factors for the structure change of
LiMn O from cubic to tetragonal phase in the charge–2 4

discharge process.
Some researchers announced that LiMn O -based mate-2 4

rials shows poor cyclability in the 3 V region, which
transforms the cubic symmetry of the spinel phase to a

w xtetragonal symmetry by the Jahn–Teller distortion 15 .
We reported here that LiM Mn O materials, whichx 2yx 4

were synthesized using g-MnOOH, show excellent cycla-
bility as well as large discharge capacity; nevertheless, it

Ž .was tested in the 3q4 V region. Therefore, we suggest
Ž .that LiM Mn O MsCo, Ni , which was synthesizedx 2yx 4

using g-MnOOH, can be a very effective cathode material
to reduce the Jahn–Teller distortion in the 3 V region.

4. Conclusions

Ž .LiM Mn O MsCo, Ni materials were synthe-x 2yx 4

sized by a melt-impregnation method. They were calcined
at 8008C for 24 h in air atmosphere. All compounds show
a pure single phase except for the LiNi Mn O com-0.5 1.5 4

pound, which shows NiO peaks in the XRD patterns.
These materials have a smaller crystallite size and higher
strain than that of the pure LiMn O . The cycle retention2 4

Ž .rate of the LiCo Mn O increased from 75.8% xs0.00.5 1.5 4
Ž .to 90% xs0.5 .

Co and Ni doping materials show a different cycle
Ž .behavior in the 3q4 wide voltage region because they

have different average oxidation states. Doping of Co and
Ni ions into the LiMn O compound is a very effective2 4

method for improving its structural stability and increasing
the capacity retention rate during cycling.
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