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Preparation of LiMn2O4 at the low temperature of 250 ◦C using
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bstract
Spinel LiMn2O4 as a cathode material for lithium rechargeable batteries is prepared at the low temperature of 250 ◦C without any artificial mixing
rocedures of reactants. The phase transitions of lithium manganese oxide are found three times on heating at 250 ◦C. The prepared material exhibits
he initial discharge capacity of 85.5 mAh g−1 and the discharge capacity retention of 91.5% after 50 cycles.

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

Lithium manganese oxides have been studied extensively
s cathode materials for lithium rechargeable batteries [1–13].
hese lithium manganese oxides could be bisected by their syn-

hetic temperature: (1) spinel phase LiMn2O4 prepared over
00 ◦C (HT-LiMn2O4) and (2) “low-temperature LiMn2O4”
LT-LiMn2O4) prepared around 450 ◦C. It is found that those
lectrochemical properties depend on the synthetic tempera-
ure. While spinel LiMn2O4 shows two potential plateaus in
he 4 V range and a potential plateau in the 3 V range, LT-
iMn2O4 exhibits just two plateaus in the 3 V range without
otential plateau in the 4 V range [6,7]. It has been consid-
red that the different potential plateaus in the 4 V range and
he 3 V range for LiMn2O4 correspond to the intercalations
f lithium into the 8a tetrahedral sites and the 16c octahe-
ral sites, respectively. Nevertheless, in this regard, no apparent
otential plateau in the 4 V range for LT-LiMn2O4 chaoti-
ally represents that LT-LiMn2O4 is not crystallized in spinel
tructure.

Here, we present that spinel phase LiMn2O4 can be prepared
t 250 ◦C using the eutectic self-mixing method.
∗ Corresponding author. Tel.: +82 42 821 5897; fax: +82 42 822 6637.
E-mail address: kshan@cnu.ac.kr (K.-S. Han).
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. Experimental

.1. Materials

Both 0.1 mol of LiCH3CO2·2H2O (98%, Aldrich Co., USA)
nd 0.2 mol of Mn(CH3CO2)2·4H2O (>99%, Aldrich Co., USA)
ere consecutively heated up to their eutectic temperature

70 ◦C) for 40 min and 250 ◦C for 24 h in air without any artifi-
ial mixing and intermittent cooling procedures. Independently,
ther lithium manganese oxides were prepared to investigate the
hase changes on the preparation of LiMn2O4 at 250 ◦C using
he eutectic self-mixing method. The synthetic conditions and
he designations on samples are listed in Table 1.

.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). 7Li NMR measurements
ere carried out at room temperature on Bruker DSX 400 with a
.4 T magnet. Magic angle spinning (MAS) NMR experiments
ere performed using a 4 mm CP-MAS probe and zirconia sam-
le rotor. The 7Li resonance frequency used was 155.6 MHz; a

ample spinning speed of 14 kHz was employed. Spectra were
cquired using single-pulse and echo-pulse sequences. Both
uadrupolar echoes and spin-echoes were used to acquire spectra
f all samples. However, the spectra were subsequently acquired

mailto:kshan@cnu.ac.kr
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Table 1
Heating temperatures and reaction times to prepare the samples as well as their
designations

Label Heating temperature and reaction time

M1 70 ◦C, 10 min
M2 70 ◦C, 40 min
M3 70 ◦C, 40 min + 250 ◦C, 10 min
M4 70 ◦C, 40 min + 250 ◦C, 2 h
M5 70 ◦C, 40 min + 250 ◦C, 8 h
M6 70 ◦C, 40 min + 250 ◦C, 12 h
M7 70 ◦C, 40 min + 250 ◦C, 24 h
M8 70 ◦C, 40 min + 250 ◦C, 48 h
M9 70 ◦C, 40 min + 250 ◦C, 72 h
M ◦ ◦
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for the formation of LiMn2O4 phase. As shown in Fig. 1, the
temperature of 250 ◦C is the end-point for all of thermal weight
loss, endothermic and exothermic, which means it is possible
to prepare LiMn2O4 phase at a low temperature around 250 ◦C.
10 70 C, 40 min + 250 C, 96 h

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

ith echo-pulse sequences to ensure that no resonances were
issed with single-pulse sequence. All spectra were referenced

o an external 1 M LiCl solution; a 90◦ pulse-length of 4.3 �s,
epetition delay of 0.1 s, and spectral width of 0.7 MHz were
sed. For enhancement of spectral resolution, 256–20,000 acqui-
itions were used. Elemental analysis of the prepared phases was
arried out by ICP-AES (Jobin Yvon, JY38S) and Carlo Erba EA
108 CHN analyzer. X-ray diffraction (XRD) pattern analyses
ere achieved by using a Mac Science M03XHF22 diffractome-

er and Cu K� radiation (λ = 1.5405 Å) operated with 30 mA
nd 40 kV. The diffractograms were recorded in the 2θ range of
–90◦ with 0.02◦ intervals at a scanning rate of 2◦ min−1. Mn K-
dge X-ray absorption spectroscopy (XAS) data were obtained
sing the BL7C1 beam-line of Pohang Light Sources (PLS).
ynchrotron radiation from the electron storage ring (2.5 GeV
ith about 120–170 mA of stored current) was monochroma-

ized with a Si(3 1 1) double-crystal monochromator. All Mn
-edge XAS data were collected in transmission mode at room

emperature. Absorbance was measured with the ionization
hamber filled with N2(85%) + Ar(15%) and N2(100%) for inci-
ent and transmitted beams, respectively. The high order har-
onics have been eliminated with detuning to 70% of incident

eam intensity. The monochromatic X-ray beam has been used
ith the energy resolution (�E/E) below 2 × 10−4. The energy
f each spectrum was calibrated from the energy scale of the
n metal spectra. To remove the energy shift problem, the X-ray

bsorption spectrum for the metal foil has been measured simul-
aneously in every measurement as the metal foil was positioned
n front of the window of the third ion chamber. The absorbance
(E) was normalized to an edge-jump of unity to compare the
-ray absorption near-edge structure (XANES) features directly
ith one another. The EXAFS data analyses have been car-

ied out by the standard procedure elsewhere. The measured
bsorption spectrum below the pre-edge region was fitted to a
traight line, and then the background contribution above the
ost-edge region, μo(E), was fitted to a high order polynomial.
he fitted polynomials have been extrapolated through the total
nergy region and subtracted from the total absorption spectra.

he background-subtracted absorption spectra were normal-

zed for the above energy region, χ(E) = {μ(E) − μo(E)}/μo(E).
he normalized k3-weighted EXAFS spectra, k3χ(k), have been
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ourier transformed in the k range from 2.0 to 14.0 Å−1 with
he hanning window function in order to show the contribu-
ion of each bond pair on the Fourier transform (FT) peak. The
resence of lithium and the valency of the manganese in the
repared phases were cross-checked using X-ray photoelectron
pectrometry (XPS; ESCA3200, Shimadzu) with Mg K� radia-
ion. Electrochemical tests were carried out at room temperature
sing coin cells. The prepared cathode materials were mixed
ith 9 wt.% super-P carbon black and 8 wt.% poly-vinylidene
uoride (PVDF) binder dissolved in N-methyl-2-pyrrolidone
NMP) until a slurry was obtained. The slurry was laminated on
n Al foil using a hot-roller press. The electrolyte was a 1.0 M
olution of LiPF6 in ethylene carbonate (EC) and ethyl methyl
arbonate (EMC) with 1:2 volume ratio. Lithium foil was used
s anode; cell assembly was performed in an Ar-filled glove box;
ells were charged and discharged at C/5.

. Results and discussion

The TG-DTA curves in Fig. 1 ascertain that the first weight
oss (29.8%) between room temperature and 170 ◦C together
ith small endothermic DTA peaks around 100 ◦C correspond

o the removal of hydrated 10H2O (30.4%). Beyond 170 ◦C
p to 250 ◦C, decomposition of lithium acetate and manganese
cetate results in the second weight loss of 38.8% and two large
xothermic DTA peaks around 250 ◦C. This result agrees well
ith the calculated value, 39.0% for the release of 7.5H2O and
0CO2, as well as the gain of 10.75O2. The decomposition of
oth acetates around 250 ◦C releases mass heat. This exother-
ic heat is predicted to be utilized as the lattice energy required
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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Fig. 2. 7Li MAS NMR spectra of: (a) LiCH3CO2·2H2O, (b) lithium acetate
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eated at 70 ◦C for 40 min, (c) M1, (d) M2, (e) M3, (f) M4, (g) M5, (h) M6,
i) M7, (j) M8, (k) M10, and (l) reference LiMn2O4 phase. All spectra were
cquired at room temperature with spinning speeds of 14 kHz.

he reaction pathway can thus be given as follows:

LiCH3CO2·2H2O + 2Mn(CH3CO2)2·4H2O

→ LiMn2(CH3CO2)5 + 10H2O (1)

iMn2(CH3CO2)5 + 10.75O2

→ LiMn2O4 + 7.5H2O + 10CO2 (2)

o elucidate the possible preparation of LiMn2O4 phase at
50 ◦C, the prepared materials were subsequently analyzed with
espect to its structure and battery performances.

The 7Li MAS NMR spectroscopy has been used to study
he changes in the local environments of lithium during the
reparation of LiMn2O4 at 250 ◦C using the eutectic self-mixing
ethod. Fig. 2 shows the 7Li MAS NMR spectra of ther-
ally exposed reactants at various conditions. The spectrum of
iCH3CO2·2H2O shows a sharp resonance having very weak
pinning sidebands with an isotropic resonance at ∼0 ppm. This
s a typical spectrum of a normal diamagnetic solid solution.
s shown in Fig. 2(b), the chemical environment of lithium

n lithium acetate alone heated at 70 ◦C for 40 min remains
nchanged. Separately, in case of lithium acetate and manganese

cetate heated at 70 ◦C, the NMR spectra of M1 and M2 show
ignificantly broadened isotropic line with the trivial chemical
hift and the enhanced spinning sideband manifolds compared
o those of LiCH3CO2·2H2O and lithium acetate alone heated

a

m
a

ources 163 (2006) 278–283

t 70 ◦C for 40 min. The enhancement of spinning sideband
anifolds is caused by the increased portion of paramagnetic
anganese around lithium, and the spectral line broadening

s originated from the anisotropic bulk magnetic susceptibility
14,15]. These critical features indicate that the molten acetates
n this synthetic procedure are mixed by themselves.

Three characteristic features can be seen in the NMR spec-
ra of M3; the abrupt isotropic shift moving to lower field, the

arkedly enhanced spinning sideband manifolds, and the dras-
ically broadened spectral width. The Fermi contact shift by the
nteraction between the unpaired electron spins of manganese
nd nuclear spins of lithium causes the abrupt isotropic chemi-
al shift [16,17]. Thus, this dominant resonance can be assigned
o the lithium, existed as an intermediate, in a lithium manganese
xide.

As shown in Fig. 2(f and g), another isotropic resonance
t ∼0 ppm is detected. 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 sig-
al is expected due to rather decomposition of lithium acetate
han diamagnetic solid solution. To verify the chemical environ-

ent of lithium in M4 and M5 having this unusual chemical
hift, elemental analysis of these samples was performed. In

4 and M5, the wt.% of carbon was determined below system
rror, which indicates that lithium acetate or possible impuri-
ies such as lithium carbonate are not present. Furthermore, it
as found by iodometric titration that the average oxidation

tate of manganese in both M4 and M5 is higher than that of
pinel LiMn2O4 containing both Mn4+ and Mn3+ ions in a 1:1
atio. Since the chemical shift of the 7Li resonance for lithium
anganate having Mn4+ is varying by the combination of semi-

inear and bent (90◦) Li–O–Mn bonds, it would be shifted to
0 ppm [17]. Therefore, the dominant resonance for M4 can

e assigned to the lithium in the second intermediate. Also, a
esonance 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 [17]. 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 as well as the possible preparation of
iMn2O4 phase at 250 ◦C. M7, M8, and M10 exhibit a single

esonance at 523 ppm, which shows the complete phase transi-
ion from the second intermediate to spinel LiMn2O4 with the
ncrease of reaction time. Therefore, the phase transitions of
ithium manganese oxide are obviously found three times on the
eating at 250 ◦C for 24 h.

By the way, the spectrum of reference LiMn2O4 contains the
esonance at 523 ppm and an additional resonance weakly at
66 ppm, as shown in Fig. 2(l). The later is generally originated
rom the inevitable crystalline imperfections such as vacancies
n both the lithium and manganese sites. These are consistent
ith the results previously reported by Morgan et al. and Lee et
l. [16,17].
The LiMn2O4 phases prepared at 250 ◦C using eutectic self-

ixing method and the reference LiMn2O4 phase were char-
cterized with respect to those macro and micro structures by
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the reference LiMn2O4 phase suggest that the Mn atoms in three
LiMn2O4 phases are in the similar physicochemical state.

Figs. 6 and 7 show the Li 1s plus Mn 3p, and Mn 2p3/2 plus
Mn 2p1/2 XPS spectra, respectively, of the reference LiMn2O4
ig. 3. X-ray diffraction patterns of: (a) LiCH3CO2·2H2O, (b)
n(CH3CO2)2·4H2O, (c) M2, (d) M3, (e) M4, (f) M5, (g) M7, (h)
10, and (i) reference LiMn2O4 phase.

he XRD pattern analysis and the XAS analysis, respectively.
he XRD patterns are shown in Fig. 3. Although the reference
iMn2O4 exhibits all XRD peaks characteristic for the space
roup Fd3m as spinel LiMn2O4 phase, the LiMn2O4 phases
repared at 250 ◦C for 24 and 96 h using eutectic self-mixing
ethod is supposed to have a spinel structure mixed with rams-

ellite structure (space group Pnam). Mn K-edge XAS spectra
f the LiMn2O4 phases prepared at 250 ◦C using eutectic self-
ixing method and the reference LiMn2O4 phase are shown in
igs. 4 and 5. Mn K-edge XANES spectra in Fig. 4 shows the
volution of the oxidation state of the central Mn atom, the bond
ovalency, and the local structure around the Mn atom during
he preparation of LiMn2O4 at 250 ◦C. Separately, variations in
ourier transform magnitude of Mn K-edge EXAFS spectra in
ig. 5 shows the increase of the structural regularity with the

ncreased heating time at 250 ◦C. The FT magnitude at ∼1.5 Å
orresponds to six-coordinated oxygen of the nearest neighbor-
ng atom around the Mn atom, while the other FT magnitude at

2.5 Å is assigned to the contribution of six Mn atoms as a sec-
nd neighboring atom. As the results of EXAFS curve fitting for
he LiMn2O4 phases prepared at 250 ◦C for 24 and 96 h as well as

he reference LiMn2O4 phase, the bond distances of Mn–O and

n–Mn remain constant as 1.93 and 2.93 Å, respectively, irre-
pective of the synthetic temperature. The similar appearances
f the Mn K-edge XAS spectra of the LiMn2O4 phases prepared

F
f
L

ig. 4. Mn K-edge XANES spectra of M3 (- - -), M5 (—), M6 (· · ·), M7 ( ),
10 ( ), and reference LiMn2O4 phase ( ).

t 250 ◦C for 24 and 96 h using eutectic self-mixing method and
ig. 5. Variations in Fourier transform magnitude of Mn K-edge EXAFS spectra
or M3 (- - -), M5 (· · ·), M6 ( ), M7 ( ), M10 ( ), and reference
iMn2O4 phase ( ).
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ig. 6. Li 1s XPS and Mn 3p XPS data for: (a) the reference LiMn2O4 phase
nd (b) M10.

hase and M10. In Fig. 6, although the protruding part around
4 eV of the Mn 3p XPS band might be analogized to Li 1s XPS
and, a detailed analysis of the presence of lithium in M10 using
PS is prevented by the foreseen superposition of Li 1s and Mn
p XPS bands. However, the presence of lithium in M10 can

e indirectly confirmed by the oxidation state of manganese in
10. In Fig. 7, the Mn 2p XPS spectrum consists of a Mn 2p3/2
PS core line at 642.2 eV and a Mn 2p1/2 XPS line at 653.7 eV

ig. 7. Mn 2p XPS data for: (a) the reference LiMn2O4 phase and (b) M10.
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ig. 8. Voltage vs. capacity profiles for the LiMn2O4 phase prepared at 250 ◦C
or 24 h using the eutectic self-mixing method.

s an 11.5 eV higher binding energy. Considering the Mn 2p3/2
PS core lines of Mn2O3 at 641.6 eV and MnO2 at 642.6 eV, the
n 2p3/2 XPS core line of M10 at 642.2 eV indicates the inter-
ediate valency of the manganese in M10 between trivalent and

etravalent. The presence of trivalent manganese in M10 directly
eans the presence of lithium in M10. Thus, a mixed valence
n3+/Mn4+ in M10 may suggest the possible preparation of

pinel phase LiMn2O4 at 250 ◦C using the eutectic self-mixing
ethod.
As shown in Fig. 8, the LiMn2O4 phase prepared at 250 ◦C

or 24 h using eutectic self-mixing method exhibits the initial
ischarge capacity of 85.5 mAh g−1 in the voltage range of
.4–4.3 V and the discharge capacity retention of 91.5% after 50
ycles. Although the discharge capacity of the LiMn2O4 phase
repared at 250 ◦C for 24 h is poor in comparison with that of the
pinel phase LiMn2O4 prepared over 700 ◦C (∼125 mAh g−1),
ts initial open-circuit voltage of 3.41 V and two potential
lateaus in the 4 V range are the typical properties for spinel
hase LiMn2O4. These results represent the successful prepa-
ation of LiMn2O4 at 250 ◦C using the eutectic self-mixing
ethod.

. Conclusion

Spinel LiMn2O4 as a cathode material for lithium recharge-
ble batteries is prepared at a low temperature of 250 ◦C using
he eutectic self-mixing method without any artificial mixing
rocedure. The spontaneous and homogeneous mixes as well

s several phase transitions during the preparation of spinel
iMn2O4 at 250 ◦C are demonstrated by 7Li MAS NMR spec-

roscopy. The prepared material exhibits the initial discharge
apacity of 85.5 mAh g−1 and the discharge capacity retention
f 91.5% after 50 cycles.
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