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bstract

Spinel LiMn2O4 as a cathode material for lithium rechargeable batteries is economically prepared by a novel eutectic self-mixing method without

ny artificial mixing procedures of reactants. The phase transitions of lithium manganese oxide are found three times on the preparation. Thus,
hose process controls are discussed and emphasized. The prepared LiMn2O4 exhibits the initial discharge capacity of 124.8 mAh g−1 and the
ischarge capacity retention of 98.2% after 20 cycles.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Spinel phase LiMn2O4 has been studied extensively as a cath-
de material for lithium rechargeable batteries. Spinel LiMn2O4
ffers considerable advantages in high cell voltage with much
ower cost as compared to LiCoO2 and Li1−xNi1+yO2. How-
ver, LiMn2O4 has a lower capacity and suffers from a capacity
oss upon cycling. To improve the electrochemical properties of
he spinel phase LiMn2O4, several research groups have stud-
ed using various synthetic methods. The most widely used

ethod for the preparation of LiMn2O4 is the direct reaction,
n the solid state, of a mixture of solid reactants at high tem-
erature. It is usually called as solid-state chemistry reaction
1–5]. In the solid-state chemistry reaction, however, mixing
rocedures of solid reactants by pulverization and/or grinding
ust be applied for complete reaction. In the scaling up produc-
ion of cathode materials, cost of mixing procedures increases
xponentially. Furthermore, an agglomeration procedure of the
ulverized and/or grinded solid reactants is also required for the
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melioration of the contact across a shared face of reactants.
ther techniques include molten salt method, sol–gel method,

nd hydrothermal method [6–11]. The molten salt method avoids
he pulverization and grinding of reactants if the morphology
nd particle size of solid reactants are optimized for complete
eaction. Unfortunately, morphology and particle size controls
re much more difficult than pulverization and grinding. In the
ol–gel method, the dissolved ion species are spontaneously
ixed. Thus, we do not need to pulverize, grind, and agglom-

rate the solid reactants. However, although solvents are not
ompositional elements of LiMn2O4, the usage and the evap-
ration of solvents are indispensable in sol–gel method. Those
equire additional material and energy consumption. To over-
ome these synthetic disadvantages, we develop a novel eutectic
elf-mixing method to accomplish homogeneous mix of molten
eactants without any artificial mixing procedures. When two
ow-temperature melting compounds, LiCH3CO2·2H2O (m.p.:
9 ◦C) and Mn(CH3CO2)2·4H2O (m.p.: 67 ◦C), are exposed to
temperature above their eutectic points, they exist as typi-
al fluidic forms that are capable of being mixed. Spinel phase
iMn2O4 is economically prepared using this method, spon-

aneous mixing at eutectic state and direct thermal reaction,
ithout any pulverization, grinding, agglomeration, morphol-
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gy controlling, particle size controlling, and even artificial
tirring of the reactants.

. Experimental

.1. Materials

Both LiCH3CO2·2H2O and Mn(CH3CO2)2·4H2O were
imultaneously and homogeneously dropt on alumina vessel
ith those molar ratio of 1.05–2.0. Without any pulverization,
rinding, and even artificial stirring of the metal acetates, the
eactants were consecutively heated up to their eutectic temper-
ture (70 ◦C) for 40 min, 250 ◦C for 8 h, and 750 ◦C for 20 h
t a rate of 10 ◦C min−1 in air without any intermittent cooling.
xcess LiCH3CO2·2H2O was used to compensate for the loss of
i during the heating. The heating at 250 ◦C before the calcina-

ions at 750 ◦C is needed to obtain the steady phase transitions.
his point will be discussed in detail. Several intermediates
ere also prepared to investigate the phase changes during the
reparation of LiMn2O4 by the eutectic self-mixing method.
he synthetic conditions and the names on samples are listed in
able 1.

In addition, two spinel phases LiMn2O4 are independently
repared by sol–gel method and solid-state chemistry reac-
ion. The preparation of LiMn2O4 using sol–gel method was
ollowing: 0.105 mol of LiCH3CO2·2H2O and 0.2 mol of

n(CH3CO2)2·4H2O were dissolved in doubly distilled water
nd mixed with acrylic acid solution (10%). Nitric acid solution
7%) was then slowly dripping in the solution with constant stir-
ing at room temperature up to pH 2. The resulting solution was
ixed with constant stirring at 80 ◦C to obtain a clear viscous

el. The gel was dried in a vacuum oven at 100 ◦C for 10 h. The
ried gel was the first heated at 400 ◦C for 1 h in air. The second
eat treatment for 24 h was performed with intermittent cooling
nd grinding procedures at 750 ◦C in air.

In the preparation using the solid-state chemistry reaction,
.15 mol of Li2CO3 and 0.6 mol of MnO2 were ground together

nd then put on alumina vessel. The successive heat treatments
f mixture have been performed with intermittent cooling and
rinding procedures at 450 ◦C for 12 h and 750 ◦C for 24 h in
ir.

able 1
eating temperatures and reaction times to prepare the samples as well as their
esignations

abel Heating temperature and reaction time

1 70 ◦C, 5 min
2 70 ◦C, 10 min
3 70 ◦C, 40 min
4 70 ◦C, 40 min + 170 ◦C, 10 min
5 70 ◦C, 40 min + 250 ◦C, 10 min
6 70 ◦C, 40 min + 250 ◦C, 2 h
7 70 ◦C, 40 min + 250 ◦C, 8 h
8 70 ◦C, 40 min + 250 ◦C, 8 h + 300 ◦C, 10 min
9 70 ◦C, 40 min + 250 ◦C, 8 h + 400 ◦C, 10 min
10 70 ◦C, 40 min + 250 ◦C, 8 h + 750 ◦C, 20 h
E–LiMn2O4 750 ◦C, 20 h

he reactants are LiCH3CO2·2H2O and Mn(CH3CO2)2·4H2O.
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.2. Characterization

Thermal analysis of the acetates was performed at a rate of
1 ◦C min−1, from room temperature to 1000 ◦C, in air using
DT 2960 TG–DTA (TA Instruments). Elemental analysis of the
repared lithium manganese oxides was carried out by ICP-AES
Jobin Yvon, JY38S) and Carlo Erba EA 1108 CHN analyzer.
Li NMR measurements were carried out at room temperature
n Bruker DSX 400 with a 9.4 T magnet. Magic angle spinning
MAS) NMR experiments were performed using a 4 mm CP-

AS probe and zirconia sample rotor. The 7Li resonance fre-
uency used was 155.6 MHz; a sample spinning speed of 14 kHz
as employed. Spectra were acquired using single-pulse and

cho-pulse sequences. Both quadrupolar echoes and spin-echoes
ere used to acquire spectra of all samples. However, the spectra
ere subsequently acquired with echo-pulse sequences to ensure

hat no resonances were missed with single-pulse sequence. All
pectra were referenced to an external 1 M LiCl solution; a 90◦
ulse-length of 4.3 �s, repetition delay of 0.1 s, and spectral
idth of 0.7 MHz were used. For enhancement of spectral reso-

ution, 256–20,000 acquisitions were used. The acquired spectra,
ith their complex spinning sideband manifolds, were difficult

o use to derive isotropic chemical shifts. The problem due to
he uncertainties in phasing the spectra was overcome by per-
orming the experiments at several MAS speeds; each spectrum
ould be phased by inter comparison. Room-temperature Raman
easurements were performed using a Jobin Yvon/Atago Bus-

an T64000 triple spectrometer. The spectral resolution was
–3 cm−1. Elemental analysis of the prepared phases was carried
ut by ICP-AES (Jobin Yvon, JY38S) and Carlo Erba EA 1108
HN analyzer. X-ray diffraction (XRD) pattern analyses were
chieved by using a Mac Science M03XHF22 diffractometer and
u K� radiation (λ = 1.5405 Å) operated with 30 mA and 40 kV.
he diffractograms were recorded in the 2θ range of 5–90◦ with
.02◦ intervals at a scanning rate of 2◦ min−1. Mn K-edge X-ray
bsorption spectroscopy (XAS) data were obtained using the
L7C1 beam-line of Pohang Light Sources (PLS). Synchrotron

adiation from the electron storage ring (2.5 GeV with about
20–170 mA of stored current) was monochromatized with a
i(3 1 1) double-crystal monochromator. All Mn K-edge XAS
ata were collected in transmission mode at room temperature.
bsorbance was measured with the ionization chamber filled
ith N2 (85%) + Ar (15%) and N2 (100%) for incident and trans-
itted beams, respectively. The high order harmonics have been

liminated with detuning to 70% of incident beam intensity. The
onochromatic X-ray beam has been used with the energy res-

lution (�E/E) below 2 × 10−4. The energy of each spectrum
as calibrated from the energy scale of the Mn metal spec-

ra. To remove the energy shift problem, the X-ray absorption
pectrum for the metal foil has been measured simultaneously
n every measurement as the metal foil was positioned in front
f the window of the third ion chamber. The absorbance μ(E)
as normalized to an edge-jump of unity to compare the X-ray
bsorption near-edge structure (XANES) features directly with
ne another. The EXAFS data analyses have been carried out
y the standard procedure elsewhere. The measured absorption
pectra below the pre-edge region was fitted to a straight line, and
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hen the background contribution above the post-edge region,
0(E), was fitted to a high order polynomial. The fitted polyno-
ials have been extrapolated through the total energy region and

ubtracted from the total absorption spectra. The background-
ubtracted absorption spectra were normalized for the above
nergy region, χ(E) = {μ(E) − μ0(E)}/μ0(E). The normalized
3-weighted EXAFS spectra, k3χ(k), have been Fourier trans-
ormed in the k range from 2.0 to 14.0 Å−1 with the hanning
indow function in order to show the contribution of each bond
air on the Fourier transform (FT) peak. Electrochemical tests
ere carried out at room temperature using coin cells. The
repared cathode materials were mixed with 7 wt.% super-P car-
on black and 8 wt.% poly-vinylidene fluoride (PVDF) binder
issolved in N-methyl-2-pyrrolidone (NMP) until a slurry was
btained. The slurry was laminated on an Al foil using a hot-
oller press. The electrolyte was a 1.0 M solution of LiPF6 in
thylene carbonate (EC) and ethyl methyl carbonate (EMC) with
:2 volume ratio. Lithium foil was used as anode; cell assembly
as performed in an Ar-filled glove box; cells were charged and
ischarged at C/5.

. Results and discussion

TG–DTA curves in Fig. 1 ascertain that the first weight-loss
29.8%) between room temperature and 170 ◦C together with
mall endothermic DTA peaks around 100 ◦C correspond to
he removal of hydrated 10H2O (30.4%). Beyond 170–250 ◦C,
ecomposition of lithium acetate and manganese acetate results
n the second weight loss of 38.8% and two large exothermic

TA peaks around 250 ◦C. This result agrees well with the cal-

ulated value, 39.0% for the release of 7.5H2O and 10CO2, as
ell as the gain of 10.75O2. The reaction pathway can thus be

ig. 1. TG–DTA curves of LiCH3CO2·2H2O and Mn(CH3CO2)2·4H2O mea-
ured at a heating rate of 1 ◦C min−1 under an oxygen flow.
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iven as follows:

iCH3CO2·2H2O + 2Mn(CH3CO2)2·4H2O

→ LiMn2(CH3CO2)5 + 10H2O (1)

iMn2(CH3CO2)5 + 10.75O2

→ LiMn2O4 + 7.5H2O + 10CO2 (2)

he decomposition of both acetates around 250 ◦C releases mas-
ive heat. This exothermic heat is predicted to be utilized as the
attice energy required for the formation of LiMn2O4 phase.
sually, the lattice energy is supplied by external heating. The

emperature of 250 ◦C is the end-point for thermal weight loss,
hich means it is possible to prepare LiMn2O4 phase at a low

emperature around 250 ◦C. This is another advantage of the
utectic self-mixing method. Although the synthetic method of
low-temperature LiMn2O4” at the 400–450 ◦C range has been
reviously reported [2–4,12–15], there has been no reports on a
ynthetic way to prepare pure spinel LiMn2O4 phase below the
emperature of 250 ◦C. The detailed results about the LiMn2O4
hase prepared at 250 ◦C using the eutectic self-mixing method
ill be discussed elsewhere.
An evidence for the spontaneous and homogeneous mixing

uring the eutectic self-mixing preparation can be obtained by
CP-AES and CHN analysis of the M7 and M10. Unless the
olten acetates are homogeneously mixed, the M7 and M10

amples should contain lithium carbonate and/or manganese car-
onate. It means the M7 and M10 phases should have abundant
arbon. Actually, the M7 and M10 phases are seen to contain no
arbon. In addition, the chemical composition of the prepared
iMn2O4 phases was obtained by the ICP-AES results. Those

elative Li and Mn molar ratios, calculated from the ICP-AES
esults, were evaluated to 0.98:1.00 (M10), 0.94:1.00 (sol–gel
ethod), and 0.97:1.00 (solid-state chemistry reaction).
The 7Li MAS NMR spectroscopy has been used to study the

hanges in the local environments of lithium during the prepara-
ion of LiMn2O4 using the eutectic self-mixing method. Fig. 2
hows the 7Li MAS NMR spectra of thermally exposed reactants
t various conditions. The spectrum of LiCH3CO2·2H2O shows
sharp resonance having very weak spinning sidebands with

n isotropic resonance at ∼0 ppm. This is a typical spectrum
f a normal diamagnetic solid solution. As shown in Fig. 2(b),
he chemical environment of lithium in lithium acetate heated at
0 ◦C for 5 min remains unchanged. It confirms that the first
eight-loss of 29.8% in the TG curve is on account of the

emoval of hydrated 10H2O, not as the decomposition of the
cetates. However, the NMR spectra of M2 and M3 show signifi-
antly broadened isotropic line with the trivial chemical shift and
he enhanced spinning sideband manifolds compared to those of
iCH3CO2·2H2O. The enhancement of spinning sideband man-

folds with the increased heating time is caused by the increased
ortion of paramagnetic manganese around lithium, and the

pectral line broadening is originated from the anisotropic bulk
agnetic susceptibility [16,17]. These critical features indicate

hat the molten acetates in this synthetic procedure are mixed by
hemselves.
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Fig. 2. 7Li MAS NMR spectra of: (a) LiCH3CO2·2H2O, (b) M1, (c) M2, (d)
M3, (e) M4, (f) M5, (g) M6, (h) M7, (i) M8, (j) M9 and (k) M10 prepared
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sing eutectic method, and (l) LiMn2O4 phase prepared by solid-state chemistry
eaction. All spectra were acquired at room temperature with spinning speeds
f 14 kHz.

Three characteristic features can be seen in the NMR spec-
ra of M4 and M5; the abrupt isotropic shift moving to lower
eld, the markedly enhanced spinning sideband manifolds, and

he drastically broadened spectral width. It is difficult to identify
he isotropic resonance by MAS experiments; therefore, a static
xperiment (Fig. 3) was used to determine the isotropic chemi-
al shift of 760 ppm. The Fermi contact shift by the interaction
etween the unpaired electron spins of manganese and nuclear
pins of lithium causes the abrupt isotropic chemical shift of
60 ppm, and also explains the other characteristic features of
pectra [18,19]. Thus, this dominant resonance can be assigned
o the lithium, existed as an intermediate, in a lithium manganate
phase I). As shown in Fig. 3, relatively small portion of a char-
cteristic resonance at ∼0 ppm is also observed, which results
rom the non-interacted lithium with manganese such as lithium
cetate due to very short reaction time of 10 min for making a
ingle phase I.

For the samples of M6 and M7, the resonance at 760 ppm is
ot apparent and an isotropic resonance at ∼0 ppm is detected as
hown in Fig. 2(g) and (h). In 7Li NMR, a resonance at ∼0 ppm
s usually observed for a diamagnetic solid solution, such as
ithium acetate. For the conditions of our experiment, this signal
s expected due to rather decomposition of lithium acetate than

iamagnetic solid solution. To verify the chemical environment
f M6 and M7 having this unusual chemical shift, this sample
as also analyzed by variable-temperature Raman spectroscopy

nd elemental analysis. The characteristic Raman peak of M7 in

n
e
s
w

ig. 3. 7Li MAS NMR spectra of M5 with: (a) spinning speeds of 14 kHz and
b) static experiment.

ig. 4(g) is observed at 650 cm−1, while the complicated Raman
eaks of lithium acetate are observed. In the elemental analy-
is of M6, the wt.% of carbon was determined below system
rror. On the basis of these two results, it is obvious that lithium
cetate or possible impurities such as lithium carbonate are not
resent in M6. Furthermore, it was found by iodometric titration
hat the average oxidation state of manganese in M6 is higher
han that of spinel LiMn2O4 containing both Mn4+ and Mn3+

ons in a 1:1 ratio. Since the chemical shift of the 7Li resonance
or lithium manganate having Mn4+ is varying by the combina-
ion of semi-linear and bent (90◦) Li–O–Mn bonds, it would be
hifted to ∼0 ppm [19]. Therefore, the dominant resonance for

6 can be assigned to the lithium, existed as the second inter-
ediate of lithium manganate (phase II), which is produced by

he phase transition at the temperature of 250 ◦C. Also, a res-
nance at 523 ppm is observed in Fig. 2(g) and (h), which can
e certainly assigned to lithium in the general position, 8a, of
pinel LiMn2O4 structure by the Fermi contact shift mechanism
s expected [19]. Therefore, all the lithium atoms under this con-
ition are interacted with manganese, which directly indicates a
uccessful homogeneous mixing of reactants through the eutec-
ic self-mixing procedure. Incidentally, the heating at 250 ◦C for
h before the calcinations at 750 ◦C for 20 h is applied for the

teady phase transitions.
For the samples of M7, M8, and M9, the portion of a reso-

ance at 523 ppm compared to that at ∼0 ppm is successively

nlarged as shown in Fig. 2(h)–(j), respectively, which clearly
hows the additional transition from phase II to spinel LiMn2O4
ith the increase of both reaction temperature and time.
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Fig. 5. X-ray diffraction patterns for spinel LiMn2O4 phases (space group:
Fd3m) prepared by: (a) eutectic self-mixing method, (b) sol–gel method, and
(c) solid-state chemistry reaction.
ig. 4. Raman spectra of: (a) LiCH3CO2·2H2O, (b) Mn(CH3CO2)2·4H2O, (c)
3, (d) M4, (e) M5, (f) M6, (g) M7 and (h) M10 prepared using eutectic self-
ixing method.

The spectrum of M10, sintered at 750 ◦C for 20 h, contains a
esonance of spinel LiMn2O4 mainly at 523 ppm and an addi-
ional resonance weakly at 566 ppm, as shown in Fig. 2(k).
he later is generally originated from the inevitable crystalline

mperfections such as vacancies on both the lithium and man-
anese sites. These are consistent with the results previously
eported by Morgan et al. [18] and Lee et al. [19]. In addition, the
dentical features between Fig. 2(k) and (l) indicate that spinel
iMn2O4 is successfully prepared by the eutectic self-mixing
ethod.
The LiMn2O4 phases prepared by eutectic self-mixing

ethod, sol–gel method, and solid-state chemistry reaction were
haracterized with respect to those macro and microstructures
y the XRD pattern analysis and the XAS analysis, respectively.
he XRD patterns are shown in Fig. 5. All XRD peaks of the
repared phases are characteristic for the space group Fd3m as
pinel LiMn2O4 phase [20]. All of the prepared LiMn2O4 phases
rystallize in the cubic system (a = 8.247 Å). In the XRD patterns
f three LiMn2O4 phases, we cannot find any different features.
n K-edge XAS spectra of the LiMn2O4 phases prepared by

utectic self-mixing method, sol–gel method, and solid-state
hemistry reaction are shown in Figs. 6 and 7. Since the peak

eatures are very sensitive to the oxidation state of the central Mn
tom, the bond covalency, and the local structure around the Mn
tom, the same appearances of the Mn K-edge XAS spectra of
he LiMn2O4 phases prepared by eutectic self-mixing method,

Fig. 6. Mn K-edge XANES spectra for spinel LiMn2O4 phases prepared by: (a)
the eutectic self-mixing method, (b) sol–gel method, and (c) solid-state reaction.
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Fig. 7. Variations in Fourier transform magnitude of Mn K-edge EXAFS for
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pinel LiMn2O4 phases prepared by: (a) the eutectic self-mixing method, (b)
ol–gel method, and (c) solid-state reaction.

ol–gel method, and solid-state chemistry reaction indicate that
he Mn atoms in three LiMn2O4 phases are in the same physico-
hemical state. It also means that the LiMn2O4 phases prepared
y eutectic self-mixing method, sol–gel method, and solid-state

hemistry reaction have the same microstructure.

As shown in Fig. 8, the LiMn2O4 phase prepared by the eutec-
ic self-mixing method exhibits the initial discharge capacity of
24.8 mAh g−1 and the discharge capacity retention of 98.2%

ig. 8. Voltage vs. capacity profiles of 1st and 20th cycles for the LiMn2O4

hases prepared by the eutectic self-mixing method ( ) and the solid-state
hemistry reaction (—), together with NE–LiMn2O4 (- - -).
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fter 20 cycles. However, the NE–LiMn2O4 phase prepared
ithout the heating procedures of 70 ◦C for 40 min and 250 ◦C

or 8 h exhibits the initial discharge capacity of 106.8 mAh g−1

nd the discharge capacity retention of 22.2% after 20 cycles.
he cycling performance of NE–LiMn2O4 is severely poor in
omparison with that of the LiMn2O4 prepared using the eutec-
ic self-mixing method, which directly represents the key role
f the eutectic self-mixing and the phase translation procedures
n the preparation of well-crystallized spinel LiMn2O4. Because
iMn2O4 is prepared through the slow but steady phase trans-

ation procedures using this method, its battery performances
ight be higher than those of the cathode materials prepared by

ther synthetic methods.

. Conclusion

Spinel LiMn2O4 as a cathode material for lithium recharge-
ble batteries is prepared by a novel eutectic self-mixing method
ithout any artificial mixing procedure. The spontaneous and
omogeneous mixes as well as the phase transitions on the
reparation of spinel LiMn2O4 are demonstrated by 7Li MAS
MR spectroscopy. The steady phase transition procedure dur-

ng the eutectic self-mixing preparation results in the advanced
ischarge capacities of the materials prepared using this method.
urthermore, the usage of this method in the production of lithi-
ted cathode materials will result in a decrease in production
ost.
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