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Abstract

By optimized mechanical alloying (MA) and subsequent firing, spinel LiMn2O4 powders for 4 V lithium rechargeable batteries were

prepared via direct reaction procedure, Li2O2 þ 2Mn2O3 ! 2LiMn2O4. The resulted spinel oxide showed a maximum discharge capacity of

125 mAh/g at C/5 rate (29.6 mA/g), excellent capacity retention and rate capability with electrochemical cycling compared with the sample

by the conventional solid-state reaction. Detailed powder properties such as mean particle size, lattice parameter, crystallite size and lattice

strain were examined, and the chemical diffusion coefficients of lithium were determined. The improved electrode performances of MA

powders originated mainly from the particle size refined to submicron size, reduced crystallite size and optimum lattice parameter, which

enhanced the lithium transportation kinetics. In addition, it was found that the additional doping of iron was not effective to improve the

cycleability of the sample by MA process.

# 2003 Elsevier Science B.V. All rights reserved.

Keywords: Spinel LiMn2O4; Mechanical alloying; Particle size; Lithium-ion battery

1. Introduction

The spinel LiMn2O4 has been widely studied as an

alternative material to substitute layered LiCoO2 cathode

for 4 V lithium rechargeable batteries [1–3]. It is well known

in this material that the electrochemical properties depend

strongly on the synthesis method and conditions such as

choice of starting materials, firing temperature and times,

cooling rate and initial Li/Mn ratio [4,5]. Obviously, homo-

geneous composition and fine particle size are favorable for

better cycling performances of the cathode materials. Sev-

eral solution-based low-temperature synthetic processes

such as sol–gel process, Pechini process and emulsion-

drying process have been investigated to satisfy these cri-

teria, and shown excellent electrochemical properties [6–8].

In commercial cell, nonetheless, the cathode material pow-

ders have been usually synthesized by the conventional

solid-state reaction until now, because it is an easier and

simple process. Consequently, from the well-established

relationships between the structural parameters and electro-

chemical properties, the key point is how to manufacture the

spinel by an easy and low-cost method.

Recently, the mechanical alloying (MA) method, which

also referred to as mechanochemical synthesis, high energy

ball milling, etc. has also been recommended as a useful

technique to synthesize transition metal oxides for the

lithium-ion battery [9–11]. In previous work, we have also

showed that the spinel LiMn2O4 phase could be obtained by

MA using the oxides of Li2O2 and Mn2O3 powders as the

starting materials at room temperature [11]. Upon subse-

quent firing at 700 8C for only 2 h of MA powder, the well-

crystallized spinel phase was obtained, which exhibited

electrochemical performance comparable to those for earlier

solution-based processes. In this study, the powder charac-

teristics, rate capability and Fe doping effect in the sample

prepared by MA were investigated and compared with those

of a sample prepared by the conventional solid-state reaction

in order to explain the reason for improvement in cycling

behavior.

2. Experimental

The MA was carried out for 4 h using a shaker-type ball

mill (SPEX8000 series) with a hardened steel vial set, and

spinel LiMn2O4 powders were directly synthesized from

Li2O2 and Mn2O3 as starting materials. Detailed MA con-

ditions were described in the previous report [11]. To

investigate the structural changes with firing temperature,

the MA powders were fired at temperature ranging from 500

to 900 8C for 2 h under air (denote MA500, MA600, etc.).
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For comparison, another LiMn2O4 sample was prepared by

the conventional solid-state reaction. The simple mixture of

the same starting materials, which were well mixed in an

agate mortar, was fired at 650 8C for 12 h, and then 850 8C
for 24 h under air (SM850). In addition, Fe-doped spinels

(x ¼ 0:1, 0.2, 0.4 in LiFexMn2�xO4) were also prepared by

MA and solid-state reaction using a raw material of Fe2O3 as

Fe source.

The crystal structures of the prepared samples were

identified by X-ray diffractometer (Rigaku D-MAX 3000)

using Cu Ka radiation. The lattice parameters were calcu-

lated by a least squares method using the internal Si refer-

ence. The composition of the samples was determined by

inductively coupled plasma-atomic emission spectrometer

(ICP-AES). The morphology and particle size distribution of

prepared powders were examined by a scanning electron

microscope (SEM) and a particle size analyzer (PSA).

Electrochemical cycle tests were performed using a two-

electrode cell with a lithium metal foil as the negative

electrode and a microporous polypropylene separator. The

cathode consisted of 20 mg of active material, 12 wt.% of

carbon black and 8 wt.% of polytetrafluoroethylene (PTFE).

A dough-type cathode film of 1 cm2 was pressed on a

stainless Exmet screen and vacuum dried at least 12 h at

150 8C. The entire cell with an electrolyte of 1 M LiPF6 in

EC:DMC (1:1, v/v) mixture was assembled in an argon-

filled dry box. The cut-off voltages were 3.3–4.3 V, and

current density a C/5 rate (29.6 mA/g). The rate capability

was investigated at various current density of C/x (x ¼ 1, 2,

5, 10, 20). To determine the dependence of the lithium

intercalation/de-intercalation rate expressed as chemical

diffusion coefficient, DLi in LixMn2O4, a galvanostatic

intermittent titration technique (GITT) experiment was car-

ried out using a three-electrode cell between 3.2 and 4.3 Vat

a constant current pulse of C/10 rate for 1800 s.

3. Results and discussion

With other optimized MA variables, the optimum MA

time to produce a crystalline LiMn2O4 spinel phase was

decided to 4 h in the previous work [11]. XRD patterns for

the resulted as-MA powder (MA) and the structural evolu-

tion with increasing subsequent firing temperature are

shown in Fig. 1. All samples revealed a well-defined cubic

spinel structure with different crystallinity. During the MA

process, the crystalline structure in powder particles is

internally stressed and distorted as well as refined, resulting

in line broadening of XRD peaks. In order to examine the

variation of crystallite size and residual strains with sub-

sequent firing after MA, the two components in the XRD

peaks were separated by following equation using the

Gaussian/Gaussian assumption [12,13]:

B2 cos2 y ¼ 16e2 sin2 yþ K2l2

L2

where B is the integral breadth of the intensity peak on the 2y
scale in radians, e denotes maximum local strain of the

crystalline structure, K is a near-unity constant related to the

crystallite shape, l wavelength of radiation (Cu Ka) and L is

the mean crystallite size. Determined crystallite sizes and

strains for the samples are plotted in Fig. 2, and the exact

values are shown in Table 1 with other structural parameters.

It can be seen that strains induced during the MA process

were sufficiently released by firing at 700 8C for only 2 h.

SM850 by the solid-state reaction had the lowest strains but

larger crystallite size than MA900 due to prolonged reaction

time. Table 1 also compares the mean particle size deter-

mined by PSA for MA, MA700 and SM850. On firing after

MA, the particle size increased as expected, but the value

was still in the range of submicron size. The other MA

samples (MA500, MA600 and MA900) were also having

submicron-sized particles from SEM observation. On the

other hand, SM850 showed larger value than that for the

starting materials. The mean particle size of starting mate-

rial, Mn2O3 was 4.18 mm ranging from 0.3 to 10 mm. It is

evident that the particle size distribution decreased by one

order in MA700, but increased by one order in SM850 in

spite of using the same starting materials.

Fig. 3 shows the result of electrochemical cycling at a

current density of C/5 rate (29.6 mA/g) between 3.3 and

4.3 V for all samples except for as-MA (MA) sample. As can

be seen, sample MA700 showed the largest initial discharge

capacity and the best cycling performance. These features in

the capacity with the firing temperature have been reported

by many researchers [14,15]. Tarascon et al. suggested that

the decrease in capacity with increasing temperature above

Fig. 1. XRD patterns for prepared LiMn2O4 samples: (a) MA (as-MA

powder), (b) MA500, (c) MA700, (d) MA900.
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800 8C was due to changing grain size, not changing oxygen

contents [15]. In addition, Amatucci et al. reported that the

decrease in capacity and cycle life corresponded with an

increase in lattice parameter that reached values greater than

8.23 Å at higher temperatures [16]. They set this value of

lattice parameter as a necessary condition for the optimized

electrochemical performance. In this study, the lattice para-

meter of 8.232 Å for MA700 which showed the best cycling

performance was in good accordance with this criterion.

Sample SM850 had an initial capacity close to that of

MA700, but showed rapid cyclic fading faster than

MA900. It is considered, therefore, that the improved elec-

trode performances of MA samples originated mainly from

the refined particle size, smaller crystallite size and lattice

parameter.

Differential capacities for MA700 and SM850 with

increasing the number of cycle are compared in Fig. 4. Both

samples showed two peaks at about 4.0 and 4.1 V represent-

ing the two plateaus in charge–discharge curves. The higher-

voltage peaks for SM850 were sharper than those for

MA700 indicating the two-phase reaction, and diminishing

rates of the peaks with cycling were faster in both higher and

lower voltage peaks. This indicates that the structural sta-

bility of MA700 with electrochemical cycling was higher

than that of SM850.

To evaluate the electrochemical performance as a function

of applied current density, the second discharge curves for

MA700 and SM850 at various discharge rates are compared

in Fig. 5. It is apparent in both samples that discharge

capacities and plateau potentials decreased with increasing

discharge rate. However, MA700 exhibited smaller capacity

decreases with increasing discharge rate, although two

Fig. 2. Comparison of crystallite size and strain for mechanical-alloyed samples after firing at various temperature and a sample prepared by the conventional

solid-state reaction (SM850).

Table 1

Synthesis conditions and structural parameters of prepared LiMn2O4 powders

Sample ID Synthesis condition Lattice parameter (Å) Mean particle size (mm)a Crystallite size (nm) Strain, hei

MA As-MA for 4 h N/Ab 0.34 13.08 1.63 � 10�2

MA500 MA þ 500 8C, 2 h 8.192 N/A 13.11 3.42 � 10�3

MA600 MA þ 600 8C, 2 h 8.209 N/A 23.19 1.42 � 10�3

MA700 MA þ 700 8C, 2 h 8.232 0.55 39.96 6.63 � 10�4

MA900 MA þ 900 8C, 2 h 8.253 N/A 46.17 7.93 � 10�4

SM850 Solid-state reaction

(650 8C, 12 h þ 850 8C, 24 h)

8.245 15.8 49.98 4.73 � 10�4

a Determined by particle size analyzer (PSA).
b N/A: not analyzed.

Fig. 3. Discharge capacity as a function of cycle number for prepared

samples showing the effect of firing temperature. SM850 is a sample

prepared by the conventional solid-state reaction.
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samples showed about the same capacity around 138 mAh/g

at very slow discharge rate of C/20 (7.4 mA/g). In order to

elucidate the reason for this improved rate capability in

MA700, the chemical diffusion coefficients of Liþ ions (DLi)

were determined for the two samples by GITT method. The

determined DLi values for MA700 (�10�9 cm2/s) were at

least one order of magnitude larger than those for SM850

over entire Li composition. Consequently, it could be con-

cluded that reduced crystallite size and particle size achieved

by MA enhanced the Li transportation kinetics, and then led

to improvement of rate capability.

Finally, the effects of Fe doping on electrode performance

were investigated. During the MA process using steel balls

and vial, a certain degree of Fe contamination was inevi-

table. In this study, Fe contents in MA samples measured by

ICP analysis were about x ¼ 0:07 in LiFexMn2�xO4 form. In

general, Mn substitution with some metal ions decreases

initial discharge capacity and improves electrochemical

cycleability of spinel LiMn2O4 by increasing the average

Mn valence. Therefore, in order to separate the Fe doping

effect in improved electrochemical performance of MA700

and compare with the doping effect in SM850, Fe-doped

(x ¼ 0:1, 0.2, 0.4 in LiFexMn2�xO4) samples were prepared

by MA and solid-state reaction. Fig. 6 compares the results

of electrochemical cycling test for the prepared samples. In

both samples, initial discharge capacities were decreased in

a same manner with increasing Fe doping up to x ¼ 0:4.

However, cycleability was significantly improved in SM850,

whereas not in MA700 with Fe doping. This means that the

improved electrode performance of MA700 was mainly

caused by the characteristics of MA powder. Furthermore,

it is considered that LiMn2O4 samples prepared by opti-

mized MA process did not require the doping of transition

metal in order to improve the cycling performance.

4. Conclusions

Using the starting materials of Li2O2 and Mn2O3, spinel

LiMn2O4 powder was directly synthesized by MA. The as-

MA powder was composed of submicron-sized particles

with significant lattice strains and poor crystallinity. Upon

firing at 700 8C for only 2 h (MA700), the strains were

sufficiently released maintaining submicron-sized particles,

Fig. 4. Comparison of differential capacity curves as a function of cell

potential with increasing the number of cycle for the samples MA700 and

SM850.

Fig. 5. Variation of discharge curves with various C rates for the samples

MA700 and SM850.

Fig. 6. Discharge capacity as a function of cycle number showing the

effect of Fe doping (x ¼ 0–0.4 in LiFexMn2�xO4) for the samples MA700

and SM850 cycled between 3.3 and 4.3 V at C/5 rate.
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and well-ordered spinel structure with a lattice parameter

of 8.232 Å could be obtained. With this microstructural

features, MA700 exhibited a good electrochemical cycling

behavior and rate capability compared with SM850 prepared

by the solid-state reaction, showing enhanced Li transporta-

tion kinetics. In addition, it was found that the additional

doping of iron was not effective to improve the cyceability of

the samples by MA process. Consequently, it is reconfirmed

that the MA process is the one of promising methods to

synthesize the spinel LiMn2O4 oxides for lithium recharge-

able batteries.
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