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Abstract

LiAl0:1Mn1:9O4 was synthesized using LiOH, Al�NO3�3 and two di�erent Mn sources (c-MnOOH and Mn3O4). The X-ray dif-

fraction (XRD) analyses of the prepared materials revealed identical crystalline phases (cubic, Fd 3 m). The two LiAl0:1Mn1:9O4

materials presented very good cycling performance in the 4 V region, but the LiAl0:1Mn1:9O4 prepared using Mn3O4 showed a severe

capacity fading in the 3 V region. It showed a mixed cubic and tetragonal phase which was detected from the XRD spectrum of the

material discharged down to 2.2 V after 50 cycles. Meanwhile, it was observed that LiAl0:1Mn1:9O4 synthesized using c-MnOOH has

only a tetragonal phase after the electrochemical test under the same conditions and had a higher capacity retention rate in the 3 V

region. We now report the extraordinary electrochemical performances from the two LiAl0:1Mn1:9O4 materials prepared using

di�erent manganese sources. Ó 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The battery industries have aimed to supply safe
power sources with high energy density and good cycle
performance. Lithium secondary batteries are the most
promising candidate among the many possibilities to
satisfy this demand. Many researchers [1,2] have focused
on the development of new cathode materials for lithium
secondary batteries to realize the production of a high
energy density battery.

The LiMn2O4 spinel has been widely investigated
because of its low cost, environmental merit, and easy
preparation method over the other cathode materials
[3]. However, LiMn2O4 still shows signi®cant capacity
fading at high temperatures and poor cycleability
when cycled in the 3 or �3� 4� voltage range. In the
3 V region, lithium inserts into the octahedral vacancy
(16c site) of the spinel (LixMn2O4) structures
�1 < x6 2�. This intercalation process brings about a

Jahn±Teller distortion which induces an increase in the
c=a ratio of the spinel unit cell of about 16%. The
distorted spinel structure results in the capacity fading
in this voltage range [4]. The origin of the poor cyc-
leability of the LiMn2O4 spinel in the 4 V region has
been suggested as follows: (1) slow dissolution of the
LiMn2O4 electrode in the electrolyte by a dispropor-
tionation reaction (2Mn3� ! Mn4� �Mn2�) [5], (2)
unstable two-phase region in high voltage region [6],
(3) electrolyte decomposition at high potentials [7], and
(4) Jahn±Teller distortion in the deeply discharged
state [8].

Recently, we synthesized Al-doped spinels (LiAlx

Mn2ÿxO4, x � 0:03±0:12) using various Al sources and
two Mn sources to improve the cycle performance of
the LiMn2O4 spinel. These materials showed excellent
cycle performance as well as a high initial discharge
capacity [9]. However, we found that LiAlxMn2ÿxO4

materials prepared using di�erent Mn starting
materials showed di�erent electrochemical properties
in the 3 V region. Furthermore, they exhibited a
unique structural change in the discharged state
��2.2 V).

In this paper, we report new results on the structural
change and electrochemical behavior of Al-doped
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spinels which were prepared using di�erent Mn starting
materials.

2. Experimental

The LiAl0:1Mn1:9O4 materials were synthesized using
LiOH, Al�NO3�3 and two di�erent manganese sources.
The Mn sources were Mn3O4 and c-MnOOH, which
were synthesized by Tosoh (Japan). The mixture of
LiOH, Al�NO3�3 and Mn3O4 (or c-MnOOH) was pre-
calcined at 470°C and 530°C for 5 h in O2 or air, re-
spectively, and then post-calcined at 800°C for 24 h by
the melt±impregnation method [10].

The powder X-ray di�raction (XRD, Rint 1000,
Rigaku) using Cuka radiation was employed to identify
the crystalline phase of the synthesized materials. Li, Al,
and Mn contents in the resulting materials were ana-
lyzed using an atomic absorption spectrometer (AAS,
Shimadzu, AA-6200). Transmission electron microscopy
(TEM) specimens were prepared by mechanically
punching the sample in the form of discs with a 3 mm
diameter. The discs were then mechanically polished to a
thickness of about 70 lm. The perforation of the spec-
imen was carried out using a precision Ar ion miller
(Model 691, Gantan, USA) with an acceleration voltage
of 3 kV. The incident angle of the Ar ion on a specimen
was 5° for the uniform thinning which produced no
damage to the specimen. These samples were examined
with a side-entry-type HRTEM (H-9000NAR) working
at 300 kV with a point resolution of 0.18 nm. The
electrochemical characterizations were performed using
CR2032 coin-type cells and handmade screw cells for
the structural change of the cathode materials after 50
cycles. The cathode was fabricated with 20 mg (or 25 mg
for the screw cell) of accurately weighed active material
and 13 mg (or 18 mg) of conductive binder (10 mg of
Te¯onized acetylene black (TAB) and 5 mg graphite). It
was pressed on a 250 mm2 stainless steel mesh used as
the current collector under a pressure of 300 kg=cm

2

and dried at 200°C for 5 h in an oven. The test cell was
made of a cathode and a lithium metal anode (Cyprus
Foote Mineral) separated by a porous polypropylene
®lm (Celgard 3401). The electrolyte was a mixture of 1 M
LiPF6±ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1:2 by volume). The charge and discharge
current densities were 0:4 mA=cm

2
with a cut-o� voltage

of 2.0±4.3 V (or 2:2±3:6 V for the 3 V test).

3. Results and discussion

Table 1 shows that the powders are the same mate-
rials which have the typical physicochemical properties
of LiAl0:1Mn1:9O4. They also showed almost the same
XRD pattern (Fd 3 m) except having di�erent intensity
ratios for the (3 1 1)/(4 0 0) peaks as reported in our
previous study [9].

Fig. 1 shows the cycle characterization of the
LiAl0:1Mn1:9O4 materials prepared using two di�erent
manganese sources in the 3 and 4 V regions. The
LiAl0:1Mn1:9O4 materials synthesized using Mn3O4 and
c-MnOOH were designated as samples A and B, re-
spectively. Both samples show very good battery per-
formance in the 4 V region with the cycle retention rates
of about 96 and 90% for samples A and B, respectively,
after 50 cycles. However, the samples presented very
di�erent cycle behaviors in the 3 V region. After the 50th
cycle, sample B shows a fairly high discharge capacity
greater than 98.31 mAh/g in the 3 V test, while sample A
(40.53 mAh/g) exhibits a discharge capacity lower than
that of sample B. It is very interesting to note the de-
crease in the reversibility of sample A with cycling in the
3 V region even if the two materials have almost the
same composition. Moreover, the capacity di�erence
between samples A and B after the 50th cycle in the
�3� 4� V region reached 97 mAh/g.

In order to interpret this extraordinary behavior
observed from the LiAl0:1Mn1:9O4 materials, ex-situ
XRD measurements were taken for samples A and B in
the discharged state after 50 cycles. Each cell was left in
a dry room for 2 days to reach equilibrium after the
cycling and the electrode was washed with DMC solu-
tion to remove the LiPF6 salt.

The XRD patterns for the prepared materials and
electrodes discharged to 2.2 V after 50 cycles of
LiMn2O4, sample A, and sample B are shown in Fig. 2,
respectively. The two LiAl0:1Mn1:9O4 materials showed
the same XRD pattern as shown in Figs. 2(a) and (b).
On the other hand, Figs. 2(d) and (e) showed entirely
di�erent XRD patterns in the discharged state after 50
cycles. Sample A still keeps both cubic and tetragonal
phases together, whereas sample B shows an almost
perfect Li2Mn2O4 (tetragonal) structure after 50 cycles.

Many research groups have already reported that the
Jahn±Teller distortion is the main reason for including a
capacity loss in the 3 V region of the LiMn2O4 system
[4,11]. When LiMn2O4 discharged perfectly in the 3 V

Table 1

Properties and chemical analysis data of LiAl0:1Mn1:9O4

LiAl0:1Mn1:9O4 Li Al Mn 2Li/M Lattice parameter Surface area

(LiOH + AlNO3 + Mn) (wt%) (wt%) (wt%) (M�Al + Mn) (�A) �m2=g�
Mn3O4 3.91 1.32 58.79 1.008 8.2273 2.574

c-MnOOH 3.93 1.34 59.47 1.007 8.2231 2.681
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region, it causes a phase transformation of the material
from cubic to tetragonal Li2Mn2O4 by insertion of
lithium deintercalated from the Li anode, which is in-
dexed into a face-centered tetragonal unit �141=amd�.
However, an imperfect charge±discharge process, which
results from Jahn±Teller distortion or other e�ects,
brings about the coexistence of the cubic and tetragonal
phases, which encouraged an incomplete lithium inser-
tion/extraction reaction (Fig. 2(c)) [12].

Recently, Sun et al. [13] synthesized a new sulfur-
doped spinel (LiAl0:24Mn1:76O3:98S0:02) material and ob-
served an excellent cycle performance from this material
even in the 3 and �3� 4� V regions. They reported that
this is because the material retains its original cubic
structure even in the 3 V region. However, in our re-
search, it was observed that sample A exhibits severe
capacity fading in the 3 V region although the cubic phase
remained after the cycling. However, sample B shows a
fairly good cycle performance in all the potential ranges
�2:0±4:3 V� although its structure completely changed
into the tetragonal phase. It is worth noting that this is a
new observation di�erent from the previous reports.

TEM measurements were employed to clarify the
di�erent structural changes in the LiAl0:1Mn1:9O4. The
same electrodes studied in ex-situ XRD analysis were
used for these measurements. Fig. 3 shows the selected
area electron di�raction (SAD) patterns of the lattice
image of the LiAl0:1Mn1:9O4 materials. Fig. 3(a) and (b)
present the SAD patterns of samples A and B, respec-
tively. Because the cubic and tetragonal structures have
almost the same SAD pattern except for the appearance
of the (0 2 2) re¯ection in the [1 0 0] zone, the distinct
di�erence between the two structures can be easily rec-
ognized by detecting the existence of the (0 2 2) re¯ection
in the [1 0 0] zone axis [8]. However, it seems from Fig.
3(a) that sample A has only a cubic spinel structure al-
though a mixture of the cubic and tetragonal phases was
detected from the ex-situ XRD analysis of the same
sample. Based on the assumption that these two struc-
tures coexist, the overlapped pattern of the two struc-
tures might show the same SAD pattern as the pure cubic
structure. Therefore, Fig. 3(a) is not the SAD pattern of
the pure cubic structure, but is an overlapped pattern of
the cubic and tetragonal structures. Meanwhile, Fig. 3(b)
shows the SAD pattern of the tetragonal phase, indi-
cating that sample B has a tetragonal structure. The
above observation obviously indicates that, when the
electrodes were discharged down to 2.2 V, sample A has
a mixed structure of the cubic and tetragonal phases,
whereas sample B has only the tetragonal structure.

It may be concluded from these results that the
LiAl0:1Mn1:9O4 materials, which were synthesized using
di�erent manganese starting materials, can show di�er-
ent structural changes in the lower voltage region al-
though they have the same composition. Further work is
now in progress on the reaction mechanism and main

Fig. 1. Discharge curves with the number of cycles for the Li/1 M

LiPF6±EC/DMC/LiAl0:1Mn1:9O4 cells. (a) LiAl0:1Mn1:9O4 using

Mn3O4; (b) LiAl0:1Mn1:9O4 using c-MnOOH. Cycling was carried out

at a constant harge±discharge current density of 0:4 mA=cm
2

between

2.0 and 4.3 V.

Fig. 2. XRD patterns in the 3 V region. (a) LiAl0:1Mn1:9O4 using

Mn3O4; (b) LiAl0:1Mn1:9O4 using c-MnOOH; (c) LiMn2O4 after 50

cycles; (d) LiAl0:1Mn1:9O4 using Mn3O4 after 50 cycles; (e)

LiAl0:1Mn1:9O4 using c-MnOOH after 50 cycles.
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reason for inducing the di�erent electrochemical
performance of LiAl0:1Mn1:9O4 in the 3 and �3� 4� V
regions.

4. Conclusion

The LiAl0:1Mn1:9O4 materials were prepared by the
melt±impregnation method using LiOH, Al�NO3�3 and

two di�erent manganese sources. The LiAl0:1Mn1:9O4

synthesized using Mn3O4 showed a severe capacity
fading in the 3 V region although it retains the cubic
spinel phase when discharged down to 2.2 V. However,
the LiAl0:1Mn1:9O4 synthesized using c-MnOOH exhib-
ited a good cycle performance in all the 3 and �3� 4� V
regions although its structure becomes tetragonal under
the same test conditions. These results were con®rmed
by the ex situ XRD and TEM measurements. It was
concluded that this might be an important clue to reveal
the di�erent electrochemical properties of the
LiAl0:1Mn1:9O4 materials which were prepared using
di�erent Mn sources.
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