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The structure of the lithium manganese tartrate precursor and
the synthesis mechanism of LiMn,O, were investigated by FT-
IR, NMR, TG/DSC, and XRD in this study. The results of
FT-IR and 'Li and *C NMR measurements revealed that
lithium ions bond with carboxylic acid ligands and the O-H
stretching modes of tartaric acid. Manganese ion bonds only with
carboxylic acid. Lithium and manganese ions were trapped ho-
mogeneously on an atomic scale throughout the precursor. Such
a structure eliminates the need for long-range diffusion during the
formation of lithium manganese oxides. Therefore, spinel
LiMn,0, was synthesized at temperatures as low as 300°C. In
this work, the electrochemical properties of Li/Li Mn,O, were
studied. It is clear that the discharge curves exhibit two pseudo
plateaus as the LiMn,0, is fired to higher temperatures. The
discharge capacity of LiMn,O, increases from 84 to 117 mAh/g
as the calcination temperature increases from 300 to 500°C. The
LiMn,O, powders calcined at low temperatures with a high
specific surface area and an average valence of manganese ex-
hibit a better Cycle life. © 2001 Academic Press

Key Words: lithium manganese oxide; tartaric acid; cathode
materials; lithium ion battery.

I. INTRODUCTION

Layered oxides LiCoQO,, LiNiO,, and the cubic spinel
LiMn,0O, have been widely studied as cathodes in 4-V
rechargeable Li cells. Among them, the spinel LiMn,O, is
a particularly attractive cathode material for commercial
lithium ion batteries, because of its low cost and lower
toxicity compared with the layered oxides LiCoO, and
LiNiO, (1). However, the cyclability of LiMn,O, in 4-V cell
is inferior to that of the layered oxides. Several degradation
mechanisms have been proposed such as (a) structural dam-
age due to Jahn-Teller distortion, (b) dissolution of the
spinel into the electrolyte, and (c) oxidation of the electrolyte
on the surface of the cathode at a high charge state (2). It is
well known that there exists a wide range of solid solutions
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in the Li-Mn-O spinel system. Recently, it was reported
that the potential and electrochemical properties of the
Li; -, Mn,0, cathode are strongly dependent on the syn-
thesis method, calcination temperature, and cooling rate
(3-5).

The synthesis of LiMn,O, is generally categorized into
two methods: a solid-state method and solution method.
The conventional solid-state method for LiMn,O, involves
the mechanical mixing of starting materials, followed by
long-term high-temperature treatment and extended grind-
ing. Usually, the synthesis of spinel LiMn,O, phase using
solid-state reactions requires temperatures as high as 700°C
(6). Moreover, the final product from solid-state reaction
usually contains impure phases, irregular morphology, lar-
ger particle size, and broader particle size distribution. High
calcination temperatures and repeated long-term annealing
may also affect the cycling properties of the LiMn,O,
electrode. For the battery application, it is believed that
electrode materials with a single phase, high purity, uniform
particle size distribution, and high surface area are con-
sidered to be required for better performance of the elec-
trodes (7, 8). In additions, the low lithium ion mobility and
the Jahn-Teller distortion also pose some difficulties in the
development of a LiMn, O, cathode. One way to minimize
the problem of Li ion mobility is to keep the particle size of
LiMn,O, small and thereby reduce the diffusion length of
Li ions.

Several techniques, such as sol-gel (9), coprecipitation
(10), melt impregnation (11), the citric acid method (12, 13),
the tartaric acid method (14, 15), and the Pechini process
(16), have been developed. LiMn,O, powder synthesis by
the tartaric acid gel process using lithium acetate and man-
ganese acetate as the lithium and manganese sources has
been shown to be an inexpensive method with great poten-
tial. Although LiMn,O, has been successfully synthesized
by the tartaric acid gel process, the structure of lithium
manganese tartrate precursor and the synthesis mechanism
of lithium manganese oxide are not fully understood.

In addition, solution synthesis of the LiMn,O, precursor
is often hindered by the high solubility of lithium salts in
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water or ethanol. Thus, attaining good stoichiometric con-
trol of the Li:Mn ratio in the end product is a big challenge.
When tartaric acid is added to the precursor to chelate the
metal ions, whether the lithium ion bonds with the COOH-
or OH of tartaric acid or just absorbs physically on the
surface of the precursor has not been determined.

In this paper, FT-IR, NMR, XRD, and DSC/TG methods
were used to study the structure of the lithium manganese
tartrate precursor and the synthesis mechanism of lithium
manganese oxide by the tartaric acid gel process. The elec-
trochemical properties of LiMn,0, powders calcined at
300-500°C were also studied.

II. EXPERIMENTAL PROCEDURE
11.1. Precursors Formed 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 dissolved in ethanol, the
molar ratio of metal ions Li*:Mn?* being controlled at 1:2.
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 vis-
cous gel. The final gel contained 0.025M Li*, 0.05M
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
a hard agglomerate with a pinkish color.

11.2. Calcination Process

The precursor was then heated at 200°C for 6 h to slowly
remove the moisture. Subsequently the calcination process
was conducted at temperatures ranging from 265 to 500°C
for 24 h in air. Finally, the calcined powders were furnace-
cooled to room temperature for further investigation.

11.3. NMR, Thermal Analysis, and FT-IR Investigation

Solid-state "Li NMR spectra were obtained using
a Bruker AVANCE 400 spectrometer. 'Li spectra were
acquired at 155.5 MHz, using the spin-echo method, a re-
cycling delay of 1's, and a 90° pulse width for "Li of 3.3 ps.
All spectra were referenced to an external LiCl,,, standard.

Thermal analysis was carried out using a differential
scanning calorimeter (DSC, Netzsch 404) and thermog-
ravimetric analysis (TG, TA2950) to investigate the possible
phase transformations between 25 and 1000°C with a heat-
ing rate of 5°C/min in air. A 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 in the wavenumber
range from 400-4000 cm ™ 1.
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11.4. Crystallographic and Chemical Analysis

The phase identity, crystal structure, and lattice constants
of the materials were investigated by using a Rigaku X-ray
diffractometer (XRD) with CuKe radiation at 30kV,
20 mA. XRD data collected between 10-70° 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 refine-
ment of the d-spacings, which were measured in comparison
with an internal standard of pure Si. The concentration of
lithium and manganese in the samples calcined at various
temperatures was analyzed by using 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 higher
Mn oxidation states (III and IV) are reduced to Mn(II) by
the oxidation of Fe(Il) to Fe(Ill). The excess Fe(Il) was
back-titrated with 0.018 M KMnO,.

1I.5. Morphology and Specific Surface Area
Characterization

A scanning electron microscope (SEM, Philips XL-
40FEG) was used to examine the particle size and morpho-
logy of the synthesized powders. The specific surface area of
lithium manganese oxide powders was measured by using
a GEMINI 2360 surface area analyzer based on the BET
process.

11.6. Electrochemical Properties

The two-electrode cell was used for the charge-discharge
experiment. The anode was constructed from the lithium
foil (FMC). The electrolyte was a 1:1 (v/v) mixture of ethy-
lene carbonate (EC) and diethyl carbonate (DEC) contain-
ing 1M LiPFs (Mitsubishi Chemical). The cathode
contained 70% active material, 17% KS-6 carbon black,
and 13% PVDF binder. The cell was assembled in an
argon-filled drybox. Charge—discharge cycling was per-
formed at a current density of 0.1 mA/cm?, with a cut-off
voltage of 3.0 to 4.3V (vs Li/Li™).

III. RESULTS AND DISCUSSION
III.1. Structure of Lithium Manganese Tartrate Precursor

(i) FT-IR analysis. Figure la shows the FT-IR spectra
of tartaric acid. The broad IR band located at 3317 cm ™ ! is
attributed to the O-H streching vibration in tartaric acid.
Bands corresponding to carboxylate anion were observed at
1740, 1625, and 1340 cm ™~ !. Similar experiments were also
conducted on lithium tartrate, manganese tartrate, and lith-
ium manganese tartrate precursors.
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FIG. 1. FT-IR spectra of (a) tartaric acid, (b) lithium tartrate, (c)

manganese tartrate, and (d) lithium manganese tartrate precursors.

In FT-IR spectra for lithium tartrate and lithium manga-
nese tartrate precursors, the difference in the O-H streching
vibration from tartaric acid was observed. However, the IR
analysis conducted on manganese tartrate precursor
showed nearly the same IR spectra as tartaric acid at
wavenumber near 3317cm™'. The broad IR band at
3317 cm ™! from tartaric acid split into two peaks at 3611
and 3400 cm ™! when the lithium compound was formed.
This result suggests that lithium ions bond with the O-H
streching vibration, which causes the splitting of IR spectra
at wavenumber near 3317 cm ™~ !. However, it was found that
manganese ions bond only with carboxylate anion without
bonding with the O-H streching vibration. These results are
consistent with the NMR spectroscopy results that are
discussed in a later section.

(ii) NMR analysis. Solid-state NMR is known to pro-
vide information concerning the coordination and composi-
tion of solid materials (17). In this study, solid-state
13C NMR was used to study both tartaric acid and lithium
tartrate precursors. Figure 2 shows '3C NMR spectra of
tartaric acid and lithium tartrate at 25°C. For tartaric acid,
peaks are located at 176.6 and 171.9 ppm, representing the
alcoholic carbon (HO-C-). Also, peaks at 74.6 and 72.3 ppm
originate from the carboxylic acid group (HOO-C)
in tartaric acid. However, double peaks representing
the carboxylic acid group for tartaric acid split into four
peaks at 73.5, 729, 72.76, and 72.2 ppm for lithium
tartrate precursors. Peaks representing the alcoholic carbon
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are also split into four peaks at 181.6, 179.9, 178.8, and
178.5 ppm. The peak splitting indicates that a proton was
dissociated from the alcoholic OH group. Subsequently, the
deprotonated alcoholic ligand was coordinated with the
lithium ion.

In addition, "Li NMR spectra were also used to study the
bonding environment. Figure 3 shows the "Li NMR spectra
of the lithium tartrate precursor at a spinning speed of
6 kHz. The peaks at 0.99 ppm correspond to the new band
formation between the lithium ion and the carboxylic acid
ligand. Similarly, the peaks at —0.6 ppm arise from the new
bond formation between the lithium ion and the de-
protonated alcoholic ligand.

On the basis of the FT-IR and **C and "Li NMR spectra,
the structure of lithium manganese tartrate precursor is
proposed as shown in Fig. 4. As can be seen from the figure,
lithium and manganese are homogeneously coordinated on
an atomic scale throughout the precursor structure. Thus,
LiMn,O, powder can be synthesized at low temperatures
by the tartaric acid gel process.
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13C NMR spectra of (a) tartaric acid and (b) lithium tartrate
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FIG. 3. "Li NMR spectra of lithium tartrate precursor.

111.2. Synthesis Mechanism of LiMn,04 by the Tartaric
Acid Gel Process

As shown in Fig. 5, the TG/DSC analysis was first con-
ducted on pure tartaric acid at a heating rate of 5°C/min.
The TG curve shows a significant weight loss starting
at about 190°C and continuing to about 250°C. Nearly
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FIG. 4. Schematic illustration of the overall structure of the lithium
manganese tartrate precursor.
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FIG.S5. TG/DSC analysis for tartaric acid at a heating rate of 5°C/min
in air.

95 wt% loss was observed. The DSC curve shows
two endothermic peaks and one exothermic peak
between 150-250°C which correspond to the decomposi-
tion and combination of organic compound. The second
weight loss at 440°C with an exothermic peak can be
ascribed to combustion of tartaric acid derivations or
residual carbon.

In order to understand the decomposition behavior of the
lithium manganese tartrate precursor thoroughly, lithium
tartrate and manganese tartrate precursors were prepared
individually and characterized by TG/DSC and/or XRD,
respectively. The TG/DSC curves of lithium tartrate precur-
sor are shown in Fig. 6. The figure shows the abrupt weight
loss between 150-250°C as well as one endothermic peak at
176°C and one exothermic peak at 232°C. As temperature
increased, a strong exothermic peak was obtained at 610°C.
This exothermic reaction is attributed to the combustion of
tartaric acid derivations or residual carbon. In order to
determine the phase(s) formed at various temperatures, X-
ray diffraction studies were conducted. Figure 7 shows the
XRD traces of lithium tartrate precursors, which were cal-
cined at 400, 600, and 700°C, respectively, for 20 min. X-ray
diffraction analysis indicates that the major phase in all
samples was Li,COj. In comparison with the results of
TG/DSC and XRD for the lithium tartrate precursor it may
be concluded that the exothermic peak at 222°C corres-
ponds to the formation of Li,COs.

Figure 8 shows the TG/DSC curves for manganese tar-
trate precursors. The TG curve shows weight loss starting at
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FIG. 6. TG/DSC analysis for lithium tartrate precursor at a heating
rate of 5°C/min in air.

room temperature and continuing to about 300°C. Nearly
80 wt% weight loss was measured. There are two exother-
mic reactions at 250 and 322°C. Figure 9 shows the XRD
traces of manganese tartrate precursors, which were cal-

Li,CO; (JCPDS 09-0359)
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FIG. 7. XRD pattern of lithium tartrate precursor calcined at (a)
400°C, (b) 600°C, and (c) 700°C for 20 min.
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FIG. 8. TG/DSC analysis for manganese tartrate precursor at a heat-
ing rate of 5°C/min in air.

cined at 290 and 340°C, respectively, for 20 min. The XRD
patterns of manganese tartrate precursor calcined at 290
and 340°C were found to be those of manganese tartrate
(C4H4MnOg) and p-Mn; Oy respectively. On the basis of
the results of TG/DSC and XRD studies of the manganese
tartrate precursor, the exothermic reaction at 250°C is
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FIG. 9. XRD pattern of manganese tartrate precursor calcined at (a)
290°C and (b) 340°C for 20 min.
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FIG. 10. TG/DSC analysis for lithium manganese tartrate precursor
at a heating rate of 5°C/min in air.

attributed to the formation of manganese tartrate and
another exothermic reaction at 322°C is accompanied by
the formation of y-Mn;O,.

Figure 10 shows the TG and DSC curves for the lithium
manganese tartrate precursor. The TG curve shows three
weight losses that can be divided into three temperature
ranges: 25-150°C, 150-300°C, and 300-360°C. The first
weight loss is due to the removal of water. The second
weight loss is attributed to the decomposition of tartaric
acid and acetate ions. The abrupt weight loss in the temper-
ature range of 300-360°C with a huge exothermic reaction
indicates the decomposition of organic in the precursor
complex. There are one broad exothermal peak between
200-300°C, and there are two sharp exothermal peaks at
337 and 350°C. Figure 11 shows the XRD pattern of the
lithium manganese precursor calcined at 290°C for various
periods of time. X-ray diffraction analysis indicates that the
LiMn,O, with spinel structure was formed at 290°C with-
out any second phase present.

We know that the tartaric acid not only functioned as
a chelating agent but also released the heat during combus-
tion, which enhanced the synthesis of lithium manganese
oxide. When the lithium and manganese ions are trapped
inhomogeneously on an atomic scale and aggregate in the
precursor, the Li,CO3 and manganese tartrate may form at
low temperatures. From the results of TG/DSC and XRD, it
is believed that the lithium and manganese ions are trapped
homogeneously on an atomic scale in the precursor. So, the
LiMn,O, forms immediately when the heat is released from
the organic materials.
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The XRD patterns of the lithium manganese tartrate
precursor calcined at various temperatures for 24 h in air
are shown in Fig. 12. For the sample calcined at 300°C, the
crystallinity of the LiMn,O, spinel phase was poor, but the
impurities, including Li,CO3;, MnO,, and Mn,O3, were not
observed. However, the peaks were relatively broad, pre-
sumably due to lattice strain in the spinel structure. The
peaks gradually sharpened with increasing annealing tem-
perature, which indicates an increase of crystallinity. Appar-
ently, the lithium manganese tartrate precursor converted
into the spinel LiMn,O, without formation of minor or
metastable phase in the calcination temperature ranges.
These results strongly highlight that this tartaric acid gel
method was highly superior to the solid-state reaction since
pure spinel LiMn,O, powders can be prepared at much
lower calcination temperatures attributed to the shorter
Li-Mn ion distance and atomic-scale metal ion distribution
in the precursor.

The concentrations of Li and Mn and the average oxida-
tion state of manganese in LiMn,O, calcined at various
temperatures are summarized in Table 1. The lattice con-
stant increases from 8.157 to 8.196 A as the calcination
temperature increases from 300 to 500°C. The lattice para-
meters of the samples in this study were lower than those
reported in the literature (18-21). Such a difference in lattice
parameters may result from the lower calcination temper-
ature in this study compared to the temperatures commonly
used in the solid-state reaction method. When lithium
manganese oxide was synthesized at low temperatures the
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FIG. 11. XRD pattern of lithium manganese tartrate precursor cal-

cined at 290°C for (a) 20, (b) 40, (c) 180, and (d) 360 min.
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FIG. 12. XRD patterns of LiMn,0O, powders calcined at (a) 265°C, (b)
300°C, (c) 400°C, and (d) 500°C for 24 h.

cation-deficient structure was usually observed. The pres-
ence of vacancies in the cation sublattice tends to make the
lattice smaller (13,22). In addition, the spinel calcined at
lower temperatures favors the formation of an oxidized
manganese cation because manganese ions are stable prefer-
entially as Mn** at lower temperatures (23, 24). Since the
ionic radius of Mn** (0.67 A) is smaller than that of Mn3*
(0.72 A), the lattice constant of the spinel LiMn,O, calcined
at lower temperatures is expected to be smaller than that of
the spinel calcined at higher temperatures.
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111.3. Specific Surface Area and Morphology of Powders

The specific surface areas of powders calcined at various
temperatures are shown in Table 1. The specific surface area
of the powder calcined at 300°C was 55.5m?/g and
quickly decreased to 28.4m?/g as the temperature
increased to 400°C. This result is attributed to the
large amount of heat released from the combustion of the
precursor at about 350°C, which caused the agglomeration
of fine particles.

Figure 13 shows the SEM micrographs of LiMn,O,
powders calcined at various temperatures. The average par-
ticle sizes of the powders increase from 20 to 40 nm as the
calcination temperature increases from 300 to 500°C over
24 h. From the SEM results, the powders synthesized by the
tartaric acid gel process showed a spherical shape and
a narrow particle size distribution.

111.4. Electrochemical Properties

Figure 14 shows the fist discharge curves of LiMn,O,
calcined at 300, 400, and 500°C with a constant current
density of 0.1 mA/cm? between cut-off voltages of 3.0 and
4.2 V. The LiMn,0O, powder calcined at 300°C did not
show a distinct potential plateau. After LiMn,O, was for-
med at 400 and 500°C, both discharge curves exhibited two
pseudo plateaus with a separation of ~120 mV, which is
typical of the electrochemical extraction and insertion of Li
in the stoichiometric spinel LiMn,O,.

This result indicates that the coulombic repulsive reaction
is small, which may be attributed to lower crystallization of
the sample calcined at low temperatures. These two plateau
voltages of samples calcined at high temperatures corres-
pond to a two-phase reaction. One possible interpretation is
that in the first plateau region, lithium ions occupy every
other available tetrahedral sites (8a) in the spinel structure,
until half the sites are filled. At this point, the phase trans-
formation from A-MnO, to Liy sMn,0, is complete, produ-
cing single-phase Liy sMn,O, (25). In the second plateau
region, lithium ions may fill the remaining 8a sites. This
arrangement increases repulsion between the lithium ions,
resulting in a small increase in the free energy in the system
as reflected by the observed voltage drop. In the fully

TABLE 1
Lattice Parameters, Chemical Analyses and Specific Surface Areas of LiMn,0, Powders

Temperature Lattice parameter Li Mn Average valence Specific surface area
(°C) (a, A) (Wt%) (Wt%) of Mn (BET, m?/g)
300 8.1569 3.57 55.0 3.63 55.5

400 8.1616 3.74 56.1 3.53 284

500 8.1961 3.67 56.2 3.52 23.0
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200 nm

FIG. 13. SEM micrographs of LiMn,O, powders prepared by the
tartaric acid gel process at (a) 300°C, (b) 400°C, and (c) 500°C, for 24 h.

discharged state, the transformations from Liy sMn,0O, to
LiMn,0O, are complete. An increase in the firing temper-
ature is believed to enhance the crystallization of the
LiMn,O, structure. Hence, a more distinct two-step elec-
trochemical reaction was observed.

The discharge capacity of LiMn,O, increases from 84 to
117 mAh/g as the calcination temperature increases from
300 to 500°C. The average valence of manganese in the
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FIG. 14. Discharge curves of LiMn,0, powders calcined at (a) 300°C,
(b) 400°C, and (c) 500°C with a discharge current density of 0.1 mA/cm?.

products decreases with an increase of the calcination
temperature, as shown in Table 1. When the samples are
synthesized at 500°C, the average valence of manganese
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FIG. 15. Discharge capacity vs cycle number of LiMn,0, powders

calcined at (a) 300°C, (b) 400°C, and (c) 500°C with a current density of
0.1 mA/cm?.
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is close to 3.5, and the product has the highest specific
capacity.

Figure 15 shows the discharge capacity with the cycle
number for the LiMn,O, powders calcined at 300, 400, and
500°C with a constant charge-discharge current density of
0.1 mA/cm?. As the calcination temperature decreases, the
initial discharge capacity decreases, but the cycling charac-
teristic is improved. The LiMn,O, powders calcined at 400
and 500°C delivered initial capacities of 107 and 117 mAh/g.
After 15 cycles, the discharge capacity decreases to 92
and 89% of the initial capacity, respectively. However, the
discharge capacity of the LiMn,O, powder calcined at
300°C increases initially from 83.9 to 88.7 mAh/g and shows
very stable capacity.

The lower initial capacity and better cycling behavior of
LiMn,0O, powders calcined at 300°C are due to its low
crystallinity and small particle size which enhance lithium
ion diffusion and the intercalation—deintercalation process
(26). In additions, the average valence of manganese for the
powder calcined at 300°C was 3.63, which means fewer
manganese ions were in the +3 state. The Mn>" is in the
high-spin state (one d electron in an e, orbital), which is the
main cause for the Jahn-Teller distortion during the inter-
calation-deintercalation process (27). Therefore, a lower
extent of Jahn-Teller distortion occurred and a better cycla-
bility was obtained.

IV. CONCLUSION

From the NMR and FT-IR results, the lithium ion not
only bonded with the carboxylic acid (COO ™) ligand but
also bonded with the O-H stretching modes in tartaric acid.
But manganese ion only bonded with carboxylic acid. The
lithium and manganese ions were trapped homogeneously
on an atomic scale in the precursor. LiMn,O, forms im-
mediately when the heat is released from the organic mater-
ials. The specific surface area of the powder calcined at
300°C for 24 h was 55.5 m?/g, which was apparently larger
than that of the powder prepared by solid-state reaction.
Therefore, LiMn,O, powders with a spherical shape and
a narrow particle size distribution can be synthesized by the
tartaric acid gel process.

The LiMn,0O, powders calcined at 500°C delivered an
initial capacity of 117 mAh/g. After 15 cycles, the discharge
capacity decreased to 89% of the initial capacity. However,
the discharge capacity of the LiMn,O, powder calcined at
300°C increased initially from 83.9 to 88.7mAh/g and
showed a very stable capacity.
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