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Abstract

To improve the cycle performance of spinel LiMn2O4 as the positive electrode of 4 V lithium secondary batteries, the spinel oxysul®de

Li1.02Mg0.1Mn1.9O3.99S0.01 is synthesized by a sol±gel method using adipic acid as a chelating agent. The structural and electrochemical

properties of the synthesized material are examined. Highly crystallized Li1.02Mg0.1Mn1.9O3.99S0.01 is synthesized at 7508C in an oxygen

atmosphere. Both cation and anion doping of spinel lithium manganese oxides are very effective for improving the cycle performance of

lithium batteries. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

An enormous growth in portable electronic devices, such

as cellular phones and laptop computers has led to an

increasing demand for compact lightweight batteries with

high energy and power capability [1,2]. Lithium secondary

batteries have satis®ed this demand to a greater degree than

other rechargeable battery systems [3,4].

Recently, the spinel LiMn2O4 and its derivatives have

been studied as 4 V positive-electrode materials for lithium

secondary batteries because of their low cost, abundance,

and non-toxicity [4,5]. The wider use of these materials has

been limited, however, because of their poor cycling per-

formance. In the charge and discharge processes, lithium

ions are reversibly inserted into and extracted out of the

LixMn2O4 spinel phase in two composition ranges, viz.

0 � X � 1 and 1 � X � 2 which induce two voltage pla-

teaux at 4 and 3 V, respectively [6,7]. It has been proposed

that the reasons for the capacity fading are instability of the

organic-based electrolyte and dissolution of the electrode

surface in electrolyte at 4 V [6±10], and severe crystal-

lographic Jahn-Teller distortions at 3 V [11].

Several research groups have attempted to stabilize the

structure of LiMn2O4 powders during cycling at 4 V by

substituting a small fraction of the manganese ions with

other metal cations, such as Al, Ni, Cr, and Co [12±15]. They

have consistently achieved substantial reduction in capacity

fade. It has been reported that these admetals replace Mn3�

at 16d octahedral sites to enhance lattice disorder by pre-

ferring tetrahedral coordination. In other work, a few

researchers have shown that the capacity loss of LiMn2O4

electrode is minimized by replacing a small amount of the

oxygen ions with other anions [16,17].

In this study, we have synthesized spinel oxysul®de

Li1.02Mg0.1Mn1.9O3.99S0.01 powders using a sol±gel method

and have evaluated the electrochemical performance. The

structural and electrochemical properties of the synthesized

powders are measured and correlated to explain the electro-

chemical activity of the materials. The effect of Mg and S

doping in LiMn2O4 is examined as function of the amounts

of Mg and S dopant.

2. Experimental

Li1.02MgxMn2ÿxO4ÿySy powders were synthesized as

a function of the doped amount of Mg and S using a sol±

gel method. The detailed synthetic procedure has been

reported in our previous work [18]. For example,

Li1.05Mg0.1Mn1.9O3.9S0.1 powder, which is a composition

for calculating the ratio of starting materials, was prepared

as follows. A stoichiometric amount of lithium acetate
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(Li(CH3COO)�2H2O), magnesium acetate (Mg(CH3COO)2�
4H2O), manganese acetate (Mn(CH3COO)2�4H2O) and

lithium sul®de (Li2S) (Li:Mg:Mn:Li � 0:75:0.1:1.9:0.3)

was dissolved in distilled water. The dissolved solution

was slowly introduced into a continuously agitated aqueous

solution of adipic acid. Adipic acid was used as a chelating

agent for the synthetic reaction. The molar ratio of adipic

acid to total metal ions was ®xed at unity. The pH of the

mixed solution was adjusted to be in the range 4.5±3.0 by

adding acetic acid. The prepared solution was evaporated in

the temperature range 90±1008C for 8 h to produce a

transparent sol. As water evaporated further, the sol was

transformed into a viscous transparent gel. The resulting gel

precursors were heated at a temperature ramping rate of 18C/

min and decomposed at 4508C for 10 h in air to eliminate

organic components. The decomposed powders were moved

into a tubular electrical furnace and calcined at 7508C under

a ¯ow of oxygen (2500 sccm) for 14 h. Both heating and

cooling rates were 18C/min to prevent cation mixing in

Li1.05Mg0.1Mn1.9O3.9S0.1. The real composition of the

synthesized material was determined as Li1.02Mg0.1M-

n1.9O3.99S0.01 by chemical analysis. Other doped manganese

oxides were synthesized via the same process by manipulat-

ing the stoichiometric composition of the corresponding

starting materials.

X-ray diffraction (XRD, D/Max-3A, Rigaku) measure-

ments using Cu Ka radiation was used to investigate

the structural properties of the synthesized powders.

The particle morphology of the powders was observed

with a scanning electron microscope (SEM, GEOL, JSM

6400). Rietveld re®nement of the XRD data was per-

formed to measure the lattice constant a of the synthesized

powders.

The electrochemical properties of Li1.02MgxMn2ÿxO4ÿySy

powders were measured in a three-electrode cell. An excess

amount of lithium foil was used as the negative electrode.

The electrolyte was a 1:1 mixture of ethylene carbonate (EC)

and diethyl carbonate (DEC) that contained 1 M LIBF4

(Mitsubishi Co.). The positive electrode was a mixture of

72 wt.% active material, 20 wt.% ketjenblack EC, and

8 wt.% Te¯on binder. The mixture was dispersed in iso-

propyl alcohol and spread on Exmet, followed by pressing

and drying at 1208C for 5 h in an vacuum oven. After the

cells were assembled in a argon-®lled dry box, charge-

discharge cycling was galvanostatically performed at a

current density of 1 mA cmÿ2 (a rate of 0.5 C) with a

cut-off voltage of 3.0±4.4 V (versus Li/Li�).

3. Results and discussion

3.1. Structural characterization of Li1.02MgxMn2ÿxO4ÿySy

Data from chemical analysis indicated that the real com-

position of the synthesized powders was Li1.02Mg0.1-

Mn1.9O3.99S0.01. The average oxidation state of manganese

in the sample was 3.57. This was measured by a potentio-

metric titration method given in the literature [19].

In order to determine the doping effect of cations (Mn)

and anions (O) on the structural and electrochemical proper-

ties of spinel LiMn2O4, cations and anions were partially

substituted with Mg and S, respectively. The XRD patterns

for Li1.02Mn2O4, Li1.02Mg0.1Mn1.9O4, Li1.02Mn2O3.99S0.01

and Li1.02Mg0.1Mn1.9O3.99S0.01 powders are shown in Fig. 1.

The XRD analysis indicates that all samples are identi®ed as

a single-phase spinel with a space group Fd3m in which the

lithium ions occupy the tetrahedral (8a) sites and the transi-

tion metal ions reside at the octahedral (16d) sites [20]. The

sharp (4 0 0) peak of all the samples reveals that highly

crystallized manganese oxides had been synthesized [21].

The morphology of the synthesized powders was

observed by means of scanning electron microscopy

(SEM). Electron micrographs of the powders prepared under

the same conditions of Fig. 1 are shown in Fig. 2. For

Li1.02Mn2O4 powders (Fig. 2(a)), the shape is polygonal as

seen for the solid-state reaction method [21] and the average

particle size is about 0.5 mm with a fairly narrow size-

distribution. The shape of the doped powders is quite

different from that of Li1.02Mn2O4. Li1.02Mg0.1Mn1.9O4

particles have a rectangular structure with an average par-

ticle size of 0.5 mm, as shown in Fig. 2(b). By contrast, the

morphology of sulfur-doped powders (Fig. 2(c) and (d)) is

analogous to that of single-crystal gold with a cubic struc-

Fig. 1. X-ray diffraction patterns of Li1.02MgxMn2ÿxO4ÿySy powders

prepared as function of x and y contents. The gel precursors were calcined

at 7508C in O2: (a) Li1.02Mn2O4; (b) Li1.02Mg0.1Mn1.9O4; (c) Li1.02-

Mn2O3.99S0.01; (d) Li1.02Mg0.1Mn1.9O3.99S0.01 powders.
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ture. The particles have a well-developed octahedral struc-

ture which is bounded by eight (1 1 1) planes. The size

distribution ranges from 0.5 to 1.5 mm. In addition, the

particle size of Li1.02Mn2O3.99S0.01 powders is larger than

that of Li1.02Mn2O4. At present, it is not clear how the size

and morphology of the particles in¯uence the capacity of the

electrode, but it is speculated that the sulfur acts as a catalyst

in the synthetic process of S-doped Mn phase to increase the

particle size and enhance the stability of the structure. The

catalytic activity of sulfur in the oxidation process of metals

has been reported by others [22].

The lattice constant a of the cubic unit cell for the

materials prepared under the synthetic conditions of Fig. 1

was calculated by Rietveld re®nement using measured XRD

data. The results for each sample are given in Fig. 3. The

lattice constant a of typical LiMn2O4 powders has been

reported as 8.2342 AÊ , which is nearly equal to that of the

samples in this study. The lattice parameter a decreases

slightly from 8.23 to 8.18 AÊ for powders in the order:

Li1.02Mn2O4, Li1.02Mg0.1Mn1.9O4, Li1.02Mn2O3.99S0.01,

and Li1.02Mg0.1Mn1.9O3.99S0.01. This progressive decrease

in the unit-cell dimension of the Mg-doped materials may be

due to an increase in the percentage of smaller Mn4� ions in

the structure as the amount of doped divalent Mg increases.

The average oxidation state of Li1.02Mg0.1Mn1.9O4 mea-

sured by a potentiometric titration method is 3.57, which

indicates the increase of Mn4� ions in the prepared samples.

For S-doped manganese oxides, on the other hand, it is

considered that the sulfur might enhance the Mn±O bonding

strength due to the catalytic activity of sulfurs for the

formation of metal oxides, which results in the reduction

of the lattice constant [22].

Fig. 2. Scanning electron micrographs for (a) Li1.02Mn2O4; (b) Li1.02Mg0.1Mn1.9O4; (c) Li1.02Mn2O3.99S0.01; (d) Li1.02Mg0.1Mn1.9O3.99S0.01 powders.

Fig. 3. Lattice constant a and crystalline size as a function of various

dopants: (a) Li1.02Mn2O4; (b) Li1.02Mg0.1Mn1.9O4; (c) Li1.02Mn2O3.99S0.01;

(d) Li1.02Mg0.1Mn1.9O3.99S0.01 powders.
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Many researchers have reported that the cubic lattice

parameter and unit cell volume of spinel lithium manganese

oxides changes when Mn is partially substituted with some

transition metal dopants. Moreover, the magnitude of the

change is mainly dependent on the atomic properties of the

dopants. Tarascon et al. [23] reported that the lattice constant

a of doped LiMn2O4 increases in the order: titanium,

germanium, nickel, zinc, and iron. It was also revealed

[23,24] that an additional change in the lattice parameter

occurs as the amount of dopant increases. For magnesium

dopant, it was observed that the lattice parameter decreases

because of a contraction of the spinel crystal structure.

Tarascon et al. [23] discussed that the LixMn2O4 powders

display excellent electrochemical properties when the lattice

parameter is less than about 8.23 AÊ and the powders have

nominal formulations with x greater than about 1.0 in

LixMn2O4.

The crystalline size of the materials prepared under the

conditions of Fig. 1 was calculated by applying the Scherrer

equation to the full-width half-maximum (FWHM) values of

the (4 0 0) peaks in Fig. 1. The results are presented in Fig. 3

for each material [25]. The crystalline size of the materials

varies in the reverse manner as the lattice constant shown in

Fig. 3. The crystalline size for the particles varies from 0.276

to 0.41 mm. It is well known that the crystalline size or the

width of the Bragg peaks for a given material relates to the

presence of residual strain, and is inversely proportional to

this strain. A lower crystalline size may result from defects,

such as composition inhomogeneities, cationic mixing,

grain boundaries, or polymorphism [26,27].

To investigate the effect of the amount of doped Mg on the

structure of LiMn2O4, Li1.02MgxMn2ÿxO3.99S0.01 powders

were synthesized as a function of this amount and the

structure of each powder was characterized by means of

X-ray diffraction. The XRD patterns for the synthesized

Li1.02MgxMn2ÿxO3.99S0.01 (x � 0:1ÿ0:3) powders are given

in Fig. 4. For x � 0:1 (Fig. 4(a)), the powders have a typical

spinel LiMn2O4 structure, which indexes to a cubic unit cell

with a space group Fd3m. As the doped amount of Mg is

increased further, however, the splitting of (3 1 1) and

(4 0 0) peaks begins to occur and peaks related to impurities

appear in the 2Y range of 10±408. This indicates that the

crystallinity of LiMn2O4 deteriorates with increase in the

amount of Mg dopant.

Li1.02Mg0.1Mn1.9O4ÿySy powders were also synthesized

as a function of the doped amount of S to study the effect

on the structure of LiMn2O4. The XRD patterns for

Li1.02Mg0.1Mn1.9O4ÿySy powders prepared as a function

of the doped amount of S (y � 0:01ÿ0:03) are presented

in Fig. 5. An increase in the amount of S causes the splitting

of (3 1 1) and (4 0 0) peaks, as observed in Fig. 4, while

the formation of impurities is suppressed. This indicates

he existence of two phases in the synthesized LiMn2O4

powders, which results in a deterioration of the electroche-

mical properties of the materials. In addition, it is likely

that the amount of doped Mg has a severe impact on the

Fig. 4. X-ray diffraction patterns of Li1.02MgxMn2ÿxO3.99S0.01 powders

prepared at various magnesium contents. Gel precursors were calcined

at 7508C in O2: (a) Li1.02Mg0.1Mn1.9O3.99S0.01; (b) Li1.02Mg0.2-

Mn1.8O3.99S0.01; (c) Li1.02Mg0.3Mn1.7O3.99S0:01 � unknown peaks.

Fig. 5. X-ray diffraction patterns of Li1.02Mg0.1Mn1.9O4ÿySy powder

prepared at various sulfur contents. The gel precursors were calcined

at 7508C in O2: (a) Li1.02Mg0.1Mn1.9O3.99S0.01; (b) Li1.02Mg0.1-

Mn1.9O3.98S0.02; (c) Li1.02Mg0.1Mn1.9O3.97S0.03.

S.H. Park et al. / Journal of Power Sources 92 (2001) 244±249 247



formation of impurities. From the above experiments, it is

found that highly crystallized LiMn2O4 is synthesized when

x and y are 0.1.

3.2. Electrochemical characterization of synthesized

materials

Electrodes were fabricated using the synthesized

Li1.02MgxMn2ÿxO4ÿySy powders (x � 0; 0:1 and y �
0; 0:01) and the charge-discharge properties were evaluated.

Charge-discharge curves measured in the operating potential

range 4.4±3.0 V are shown in Fig. 6. The initial capacity of

the doped powders decreases because of the decrease in the

amount of extractable lithium. The removal of lithium from

the spinel manganese oxides is accompanied by an oxidation

of Mn3� to Mn4� [28] Given that Mg2� ions cannot be

oxidized in this potential range, the amount of removable

lithium is determined by the Mn3� content. Thus, only

�1:02ÿ x�Li can be extracted from Li1.02MgxMn2ÿxO4.

The discharge capacity measurements indicate that the

content of suitable dopant should not be too large to

obtain a high discharge capacity. The Li1.02Mn2O4 cell

delivers an initial discharge capacity of 118 mA h gÿ1,

but this value decreases gradually with cycling, as observed

by other workers [29,30]. For Li1.02Mg0.1Mn1.9O4 and

Li1.02Mn2O3.99S0.01 cells, however, the initial capacity is

99 mA h gÿ1 and is retained after 28 cycles, as shown in

Fig. 6(b) and (c). Li1.02Mg0.1Mn1.9O3.99S0.01 only delivers

85 mA h gÿ1 although capacity fading is not detected after

28 cycles. This is because the oxidation state of Mn is

increased not only by the substitution of Mg2� for Mn, but

also by that of S for O. The material exhibits very good

capacity retention due to improvement in the stability of

cation sites (16d) and anion sites (32e).

The enhanced cycle performance of electrodes by doping

is achieved by stabilizing the octahedral sites in the spinel

skeleton structure with doped metal cations.

4. Conclusions

A spinel oxysul®de Li1.02Mg0.1Mn1.9O3.99S0.01 have been

synthesized using a sol±gel method and the structural and

electrochemical properties of the synthesized product are

evaluated to chracterize the synthesized material. The

Li1.02Mg0.1Mn1.9O3.99S0.01 powder is identi®ed as a sin-

gle-phase spinel with a space group Fd3m. The powder is

shaped into a well-developed octahedral structure which is

bounded by eight (1 1 1) planes. The effect of Mg and S

doping in LiMn2O4 has also been examined as a function of

the amount of Mg and S dopant. The crystallinity of

LiMn2O4 deteriorates with increase in Mg doping. A

Li1.02Mn2O4 cell delivers an initial discharge capacity of

118 mA h gÿ1, but the capacity decreases gradually with

cycling. For Li1.02Mg0.1Mn1.9O4 and Li1.02Mn2O3.99S0.01

cells, however, the initial capacity is 99 mA h gÿ1 and the

capacity is retained after 28 cycles. A Li1.02Mg0.1-

Mn1.9O3.99S0.01 cell only delivers 85 mA h gÿ1 although

capacity fading is not detected after 28 cycles. The improve-

ment in the cycle performance of the electrode by the doping

is achieved by stabilizing the octahedral sites in the spinel

skeleton structure with the doped metal cations.
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