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Abstract

Polycrystalline nano-LiMn,04 spinel powder was synthesized by the tartaric acid gel process and developed without any detect-
able minor phase at 300 °C. The powders synthesized by the tartaric acid gel process had a relatively smaller particle size, larger
specific surface area and narrower particle size distribution than those prepared by the conventional solid state reaction. The
average valence of manganese decreased with increasing synthesis temperature and resulted in an increase of the lattice parameter
with calcination temperatures. As temperatures were increased to above 500 °C, LiMn,O,4 underwent phase transition from a cubic
to a tetragonal phase by removing oxygen ion in the lattice. From the results of MAS NMR, LiMn,0, spinels formed at 300-800 °C

had a large Knight shift of ~520 and 560 ppm in reference to LiCl. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The spinel LiMn,O4 is a very promising cathodic
material with economical and environmental advan-
tages as compared with layered compounds such as
LiCoO, and LiNiO,.! From the point of view of start-
ing materials, price and toxicity, the LiMn,Oy, spinel has
a considerable advantage.

Obviously, the preparation of spinel LiMn,O4 phase
by solid-state reactions involves the raw materials of
manganese oxides, nitrate or carbonate with lithium
hydroxide, nitrate or carbonate at temperatures reacting
at as high as 700-900 °C, and the final product usually
contains the impurity phases, irregular morphology,
larger particle size, and broader particle size distribu-
tion.%3 In general, as for the batteries application, it is
believed that single-phase, homogeneity, uniform parti-
cle morphology with submicron size distribution, and
large surface area are considered as desired characters in
order to achieve better electrode properties.

* Corresponding author. Tel./fax: + 886-6-2380208.
E-mail address: kzfung@mail.ncku.edu.tw (K.Z. Fung).

Therefore, several techniques, such as sol-gel,* co-
precipitation,® melt-impregnation,® the citric acid gel
method,”8 the tartaric acid gel method®!° and Pechini
process!! have been developed. On conventional solid
state reaction, solid reactants are simply heated at high
temperatures for an extended period until minor phases
disappear. On many occasions, intermittent grindings
and mixings are involved to remove the diffusion bar-
rier, which could lace the product with inadvertent
impurities. A better way to avoid this situation would
be by keeping the composition of the reactants as
homogeneous as possible. In the tartaric acid gel pro-
cess, the chemical reaction takes place in an atomic/
molecular scale and long-range diffusion is not required.
Therefore, products can be formed at much lower tem-
peratures.

In this work, a tartaric acid method was developed to
synthesize nano-LiMn»,O4 powder directly from lithium
acetate and manganese acetate. Without using other che-
micals (such as glycol, ammonium hydroxide, ammo-
nium chloride or polyhydric alcohol) and additional
processing steps, this synthesis method was considered
to be inexpensive and simple. The effect of calcination
temperature on phase transition, specific surface area,
crystal size and average valence of manganese for
LiMn,0,4 powders has been studied.
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2. Experimental
2.1. Precursors formed by the tartaric acid gel process

LiMn,0O,4 powders were prepared by the tartaric acid
gel process. Lithium acetate (98% purity, Aldrich) and
manganese acetate (99% purity, Showa Chemicals Inc.)
used as sources for lithium and manganese were dis-
solved in ethanol, the molar ratio of metal ions Li™:
Mn?" being controlled at 1 to 2. The metal-ion ethanol
solution was then mixed with the ethanol solution of
tartaric acid (99.5% purity, Katayama). During mixing,
the solution abruptly transformed into a viscous gel.
The final gel contained 0.025 M Li*, 0.05 M Mn?" and
0.1 M tartaric acid. The gel was subsequently heated in
an oven at 68 °C to remove the ethanol. After drying,
the lithium manganese tartrate precursor became hard
agglomerates with pinkish color.

2.2. Calcination process

The precursor was then heated at 200 °C for 6 h to
slowly remove the moisture. Subsequently the calcina-
tion process was conducted at temperatures ranging
from 265 to 800 °C for 24 h in air. Finally, the calcined
powders were furnace-cooled to room temperature for
further investigation.

2.3. Thermal and structure analysis

Thermal analysis was carried out using differential
scanning calorimeter (DSC, Netzsch 404) and thermo-
gravimetric analysis (TG, TA2950) to investigate the pos-
sible phase transformation between 25 and 600 °C with a
heating rate of 1, 5, 10 and 15 °C/min, respectively.

The phase identity, crystal structure, and lattice con-
stants of the materials were investigated using Rigaku
X-ray diffractometer (XRD) with the CuK,, radiation at 30
kV, 20 mA. The XRD data were collected between 10 and
70° of 26 angles with a step interval of 0.01 and a scanning
rate of 1°/min. Lattice constants were determined by a
least-squares refinement of the d-spacing, which were mea-
sured in comparison with an internal standard of pure Si.

2.4. Chemical analysis

The concentrations of lithium and manganese in the
samples calcined at various temperatures were analyzed
by inductively coupled plasma (ICP, Janell-Ash, ICAP
9000). The average valence of manganese was determined
by the titration method. About 0.06 g of the sample was
dissolved in 20 ml of an acidified 0.08 M Fe(II) solution.
During dissolution, the higher Mn oxidation states (III)
and (IV) were reduced to Mn(II) by the oxidation of
Fe(Il) to Fe(IIl). The excess Fe(Il) was back titrated
with 0.018 M KMnO,.

2.5. FT-IR and NMR analysis

Fourier transform infrared spectrometer (FT-IR,
JASCO FT/IR-410) was used to study the structure
coordination of the precursors. Each sample was mixed
with KBr and examined at the wavenumber range from
400 to 4000 cm~ !,

Solid-state “Li NMR spectra were obtained using a
Bruker AVANCE 400 spectrometer. 'Li spectra were
acquired at 155.5 MHz, using spinecho method, recy-
cling delay of 1 s and 90° pulse width for “Li was 3.3 ps.
All spectra were referenced to an external LiCl,gq) stan-
dard and acquired with spinning speeds of 15 kHz.

2.6. TEM analysis

Pieces of the cathode were ultrasonically de-agglom-
erated and dispersed on an amorphous carbon film
supported by a Cu grid for TEM observation. A Jeol
JEM-3010 operated at 200 kV accelerating voltage and
equipped with a double-tilt holder was used for imaging
and electron diffraction.

3. Results and discussion
3.1. Thermal analysis

Fig. 1 shows the DSC/TG curves for the lithium
manganese tartrate precursors at the heating rates of 1,
S, 10 and 15 °C/min, respectively. In our previous
study,!? tartaric acid had no weight loss below 200 °C.
However, the lithium manganese tartrate precursor has
about 30% weight loss below 200 °C that may be
attributed to the removement of water and acetate
group.

There is a sharp exothermal peak at 303 °C for the
samples heated with a rate of 1 °C/min. The temperature
corresponding to this sharp exothermal reaction
increased and split into two broad peaks as the heating
rate was increased. Combining the results of TG and
DSC, it is found that a large amount of weight loss
accompanies the exothermal reaction at a lower tem-
perature. No apparent weight loss is found in the exo-
thermal reaction at a higher temperature. It is believed
that the exothermal peak of DSC at a lower temperature
was due to the combustion of an organic component in
the sample. Another exothermal peak observed at a
higher temperature was caused by the formation of
LiMn,0O, spinel. In the tartaric acid gel process, the
tartaric acid does not only function as a chelating agent
but can also release a large amount of heat when the
oxidation of organic compounds takes place violently.
Such an energy release can easily stimulate the synthesis
of lithium manganese oxide. In principle, the combus-
tion of organic materials occurred first and then the
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Fig. 1. DSC/TG analysis for lithium manganese tartrate precursors at
heating rates of (a) 1 °C/min, (b) 5 °C/min, (c) 10 °C/min, (d) 15°C /
min in air.

lithium manganese oxide formed. This phenomenon is
more distinguishable at a high heating rate.

Thus, when the precursor was heated at a higher rate
as shown in Fig. 1(d), the first reaction did not occur
until 340 °C. This temperature is higher than that using
a lower heating rate. The reason can be just inhomoge-
neous heating at high heating rate which causes the
temperature of the precursor to be lower than what was
measured. Such a behavior is fairly common in a fast-
heating process. For the formation of lithium manga-
nese oxide, it is expected that the energy barrier is con-
siderably higher than the oxidation of the organic
precursor because the reaction involved the rearrange-
ment of cations and oxygen ions. At low heating rates
(e.g. 1 °C/min), the time periods from the beginning to
the end of reactions is several times longer than that for
high heating rate (e.g. 15 °C/mm). That is the reason
why the separated exothermic peaks were not observed
at low temperatures.

3.2. Characterization of LiMn,0, powders
3.2.1. Structure analysis and phase transition

The XRD patterns of lithium manganese tartrate
precursor and calcined at various temperatures for 24 h
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Fig. 2. XRD patterns of (a) precursor and LiMn,0O,4 powders calcined
at (a) 265 °C, (b) 300 °C, (c) 400 °C (d) 500 °C, (e) 600 °C, (f) 700 °C,
(g) 800 °C for 24 h.

in air are shown in Fig. 2. The lithium manganese tar-
trate precursor is amorphous and started to transform
into crystalline spinel LiMn,O4 powder at 300 °C in air.
The impurities such as Li;CO3, MnO» or Mn,O3; were not
observed. Apparently, the lithium manganese tartrate
precursor transformed into spinel LiMn,0O4 without any
formation of minor or metastable phase in the calcination
temperature ranges. These results strongly suggest that
this tartaric acid gel method was much superior to the
solid-state reaction since pure spinel LiMn,O,4 powders
can be prepared at a much lower calcination temperature
due to the shorter Li-Mn ion distance and atomic-scale
metal ion distribution in the precursor.

The [440] peak of the cubic LiMn,O4 phase splitted
into the [440] and [404] peaks of the tetragonal phase as
the calcination temperature increased. The similarities
in the X-ray patterns of samples between cubic and tet-
ragonal phases show that the tetragonal phase had the
slightly distorted spinel structure. It is believed that the
cubic to tetragonal transformation took place due to the
small amount of oxygen loss from the lattice on the par-
ticle surface when the precursor was calcined at a high
temperature.'? In Yamada'# and Sugiyama’s' studies,
the oxygen deficiency was found as a function of oxygen
pressure and temperature and determined that the cubic
to tetragonal transformation took place at 835.5 °C
which was higher than that observed in this study. The
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difference in particle size should be the main reason to
cause the variation in transition temperatures. In their
work, LiMn,04 was synthesized by solid-state reaction
technique that usually produced powder in the micron
range.

However, LiMn,0, fabricated using tartaric acid gel
process gave powder in the nanometer range with large
specific surface area. The finer particles provided shorter
diffusion distance as well as much greater surface area
for fast kinetics during the chemical reaction. Thus, the
cubic to tetragonal transformation of lithium—manga-
nese-oxide prepared by tartaric acid gel process can take
place at much lower temperatures.

Fig. 3 shows the effect of calcination temperature on
lattice constant, a and average valence of manganese in
LiMn,0,4 powders. It is seen from the figure that the
lattice constant increased from 8.1569 to 8.2290 A when
increaseing the calcination temperatures from 300 to
800 °C. However, the average valence of manganese
decreased with a calcination temperature increase.
Hence, the formation of a more oxidized manganese ion
was observed at a lower temperature because manga-
nese ions were stable preferentially as Mn** at a lower
temperature.'® Thus, the lattice constant of the spinel
LiMn,Oy, calcined at lower temperatures shows a smal-
ler value than that of the spinel LiMn,O, calcined at
higher temperatures.

The reduction of symmetry from cubic to tetragonal
indicates a change in local symmetry of MnOg octahe-
dron from Oy, to Dyy, resulting from a cooperative Jahn—
Teller distortion of Mn3™* ions in octahedral sites.!” The
results indicate that the reduction of Mn** to Mn3* in
cubic spinel tended to distort the lattice and formed the
tetragonal lattice. Therefore, the oxygen content in the
surrounding atmosphere is expected to play an impor-
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Fig. 3. Effects of calcination temperature on lattice constant and
average valence of manganese of LiMn,O4 powders.

tant role in the stability of the cubic spinel.!> In the
present work, the loss of oxygen in the LiMn,O4_; also
increased the concentration of Mn3".

3.2.2. Specific surface area, crystal size and morphology

Fig. 4 shows the effects of calcination temperature on
the specific surface area and crystal size of LiMn,O4 pow-
ders. It can be seen that the specific surface area decreased
abruptly at the calcination temperatures between 300—
400 °C. This result is attributed to the large amount of
heat release from the combustion of the precursor at
about 350 °C, which caused the agglomeration of fine
particles. At temperatures above 400 °C, the specific
surface area of powders decreased gradually. The crys-
tal size is seen to increase from 21.1 to 75.5 nm as the
calcination temperatures increased from 300 to 800 °C.

Fig. 5 shows the bright ficld images and selected arca
diffraction (SAD) of TEM for LiMn,O,4 powders cal-
cined at 300 and 500 °C, respectively. It is observed that
for the particle size of powder calcined at 300 °C in the
range of 15-25 nm and the electron diffraction results
show a well-ordered single LiMn»,O,4 phase. As the cal-
cination temperature increased, the particles of the
powder grew apparently and the crystallinity of phase
increased.

3.3. FT-IR and NMR studies of LiMn;0,

The FT-IR spectra of spinel LiMn,O,4 calcined from
lithium manganese tartrate precursor at various tem-
peratures were shown in Fig. 6. The spectra of LiMn,Oy4
calcined at 400 °C show two bands at 516 and 616 cm™!.
For samples calcined at high temperature, the two
bands in the spectra shifted to higher frequencies. For
example, the sample calcined at 800 °C shows two

60 — 80

50 - - 70

40

- 50
30 -

-1 40

Crystal size (nm )

20

Specific surface area (m’/g )

300 400 500 600 700 800
Calcination temperature ( °C )

Fig. 4. Effects of calcination temperature on specific surface area and
crystal size of LiMn,O,4 powders.
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(b) — 50nm

Fig. 5. TEM images of bright field and selected diffraction area (SAD) for LiMn,O, calcined at (a) 300 °C, (b) 500 °C for 24 h.

bands at 526 and 626 cm~!. The high frequency bands
of the FT-IR spectra located at ~516 and 616 cm™! are
attributed to the asymmetric streching modes of the
MnOg group.'®!® The bands of OH (3432 and 1630
cm~!) still are clearly observed in Fig. 6(a) and (b).
Thus, the organic complex was not completely removed
but still remained at a temperature lower than 400 °C.
The 7Li MAS-NMR spectra of several spinels were
acquired with spinning speeds of 15 kHz as shown in
Fig. 7. The spectra for samples calcined from 300 to
800 °C are considered as two spinning side bands, The
Knight shifts of spinel calcined at 300 and 800 °C are
situated around ~523, 568 ppm, and ~525, 560 ppm,
respectively, which indicate that the full width at half
maximum (FWHM) of NMR spectra decreased with
calcination temperature. The ’Li MAS-NMR spectra
obtained is different compared to the previously pub-
lished results.?? In spectra of the samples synthesized
from Li,CO; and Mn,O; by solid-state reaction at
550 °C, four broad resonances were observed at 498,
546, 575 and 630 ppm by Lee.?! As the synthesis tem-
perature was raised to 850 °C, only one resonance at
520 ppm was observed which indicates the lithium ion
occupiing at 8a position. Nitta®? reported that the MAS
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Fig. 6. FT-IR of LiMn,0, calcined at (a) 300 °C, (b), 400 °C, (c)
500 °C (d), 600 °C, (e) 700 °C, (f) 800 °C for 24 h.
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Fig. 7. "Li MAS NMR spectra of LiMn,O, spinels calcined at (a) 300 °C, (b) 400 °C, (c) 500 °C, (d) 600 °C, (e) 700 °C, (f) 800 °C with spinning

speeds of 15 kHz.

"Li-NMR spectra of lithium manganese oxide synthe-
sized from MnO, and Li,COj3 at 350 °C (LT-LiMn,0y,)
had a broad signal with the peak at 762 ppm. The
spectra of the lithium manganese oxide synthesized at
700-900 °C (HT-LiMn»O,) had a broad signal with the
peak at about 600 ppm, where chemical shift appeared a
lower frequency shift than that of LT-Mn,O,4. In our
result, the two spin side bands did not apparently shift

with the calcination temperature but the intensity
increased with increasing calcination temperature.

It is generally known that the LiMn,O4 is spinel-
structured (space group Fd3m) as a cubic close-packed
array of oxygen in the 32e position. Half of the octahe-
dral interstices, at the 16d position, are occupied by the
manganese ions, forming a three-dimensional frame-
work of edge-sharing [MnOg] octahedra. Lithium ions
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occupy one-eighth of the tetrahedral interstices, at the
8a position. Each 8a tetrahedron shares common faces
with four neighboring empty octahedra at the 16¢ posi-
tion which, together with 48f tetrahedra, forms a three-
dimensional network of interstitial space. The energies
for a lithium interstial at the unoccupied tetrahedral and
octahedral interstices in A-MnQO, have been calculated
by Ammundsen et al.?° Lithium occupation for the 16¢
octahedral sites in A~-MnO, is less favorable than that of
the 8a by 1.1 eV. The 48F and 8b tetrahedral sites are
energetically unfavorable for the Li* ion as they share
two and four faces with Mn 16d octahedra, respectively.
In consideration of the influence on these lithium sites at
different distances from manganese with high para-
magnetism, for example, 8a and 16¢ positions, the 16¢
site, which is located in closer to the manganese, is more
influenced by high paramagnetism and the chemical
shift appears at a higher frequency shift. The 8a site is
not so much influenced by high paramagnetism and the
chemical shift appears at a lower frequency shift. In our
7Li MAS-NMR spectra, the chemical shift at ~520
ppm is conformed to the lithium ion occupation at 8a
position. The chemical shift at ~ 560 ppm does not fit to
lithium ion occupation at other positions, such as 16¢ or
16d, or at 8a site in other lithium manganese oxide
compounds, for example: LisMnsO;, or Li,Mn,Qq.2! It
is believed that the chemical shift at ~560 ppm indi-
cates the lithium ion still occuping at 8a position in
LiMn,0, but having different distances to neighboring
manganese and oxide ions.

4. Conclusion

It was seen that as the calcination temperature
increased, the lattice constant increased whereas the
average valence of manganese decreased. The nano-
LiMn,O,4 powder was calcined at 300 °C exhibits small
crystal size of 21 nm and large specific surface area of
55.5 m?/g. The FT-IR spectra for LiMn,O, calcined at
400 °C show two bands at 516 and 616 cm~! that are
attributed to the asymmetric streching modes of MnOg
group. As calcine temperature increasing, two bands in
the spectra shifted to higher frequencies. From the result
of MAS NMR, the Knight shifts of spinel calcined at
300 and 800 °C are situated around ~523, 568 ppm,
and ~525, 560 ppm, respectively that indicated the
lithium ion occupies at 8a position but has two different
distances to neighboring manganese and oxide ions.
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