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Abstract LiCr,Mn,_ ,O4(x=0, 0.02, 0.05, 0.08, 0.10)
compounds with a spinel crystal structure have been
prepared by a novel ultrasonic co-precipitation method.
The effects of the calcination temperature and the citric
acid-to-metal ion molar ratio (R) on powder character-
istics and electrochemical performance are evaluated. It
is found that the optimum R and sintering temperature
for LiCr,Mn,_,O4 materials by the ultrasonic co-pre-
cipitation method are R= 5/6 and 800°C, respectively.
The calcined powders are loosely bound agglomerates of
abnormally coarsened particles with a narrow range of
particle sizes. The effect of Cr doping was also explored.
Electrochemical studies show that optimum materials
synthesized by the ultrasonic co-precipitation method
demonstrate good cycling performance.

Keywords Ultrasonic - Coprecipitation - Lithium-ion
battery - Cathode

Introduction

Lithium-ion batteries are the state-of-the-art power
sources for consumer electronics, primarily because of
their high specific energy and volumetric energy density.
Lithium cobalt oxide (LiCoO;) and similar lithium-
transition metal oxides (LiNiO,, LiNip,Coqg0,) are
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intercalation compounds that are used as lithium-stor-
age materials in rechargeable lithium-ion batteries.
Lithium Manganese oxide (LiMn,O4) has also been
studied extensively as a potential cathode material for
lithium rechargeable batteries due to its low cost, low
toxicity and high energy density. Despite its impressive
improvement over previous LiMn,O4 materials, the cy-
cling performance of LiMn,O4 needs to be further im-
proved in order to meet commercial requirements. A
very effective way for improving the cycling performance
of LiMn,O, is to synthesize divalent or trivalent ion
doped LiM,Mn,_,Oy4 spinel phase (M = Al, Mg, Co, Ni,
Fe, Ti, Zn and Cr, etc.).

It is well known that the quality of the LiMn,Oy,
powders depends on the synthetic method and the pre-
cursors used. Preparation conditions determine the
physical and chemical properties of the LiMn,O4
materials, such as particle size, lattice parameters, stoi-
chiometry and average Mn valence. In general,
LiMn,O,4 powders have been prepared via a solid-state
reaction by sintering lithium and manganese salts at low
(400-500°C) [1, 2] or high (700-900°C) temperature [3—
5]. This process requires a long sintering time, extended
grinding and has also several other disadvantages:
inhomogeneity, irregular morphology, large average
particle size with broad particle size distribution, and
poor control of stoichiometry. In recent years, ‘‘soft-
chemical” methods have been widely used to synthesize
the desired powders, e.g. sol-gel [6-8], the tartaric acid or
citric acid gel process [9], the Pechini process [10], and
the electrochemical process [11]. Additionally, co-pre-
cipitation synthesis of LiMn,0, is an attractive method,
but is often hindered by the high solubility of lithium
salts in water [12—14].

In this study, a new ultrasonic co-precipitation
method is employed in the preparation of LiCr,Mn, Oy
(x=10,0.02,0.05,0.08,0.10). Here the chromium ion is
used as a doping cation to improve the cycling perfor-
mance of LiMn,O4. An ultrasonic bath is used in order
to obtain good stoichiometric control of LiCr,Mn,_,O4
spinel with uniform particle size distribution.
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Experimental

All reagents were analytically pure and were used
without further treatment. Experimental details are as
follows.

The preparation of LiCr,Mn, Oy
(x=0,0.02,0.05,0.08,0.10)

Stoichiometric lithium acetate, manganese acetate,
chromic nitrate and citric acid, with citric acid-to- metal
ion molar ratios (R)=1, 5/6, 2/3 and 1/2, respectively,
were completely dissolved in 40 ml distilled water. The
solution was then treated in an ultrasonic bath for 8 to
10 min. The cream-like precipitate was first dried at
120°C to remove water, and then decomposed at 400°C
for 1 h. The mixture obtained was ground and then
calcined in air at various temperatures (650-850°C) for
10 h in a muffle furnace.

Materials characterization

The thermal decomposition behavior of the precursor
was examined by means of thermogravimetry and dif-
ferential thermal analysis (TG-DTA; NETZSCH
STA449C, Germany). An X-ray diffractometer (XRD;
MAX MXPI18AHF, Japan) using Cu Ka radiation was
used to characterize microstructures of the samples. The
morphological characteristics of the product were
examined using scanning electron microscopy (SEM;
LEO 1430VP, Germany).

Electrochemical measurements

The electrochemical cells consisted of a LiCr,Mn,_,Oy4-
based composite as the positive electrode, a Li disk as
the negative electrode, and an electrolyte of 1M LiPFg in
a 1:1 (volume ratio) mixture of ethylene carbonate (EC)/
dimethyl carbonate (DMC). The cathodes were made by
dispersing 85% active materials, 10% acetylene carbon
black and 5% polyvinylidene fluoride (PVDF) in a sol-
vent of N-methyl-pyrrolidone (NMP). The slurry was
then coated on aluminum foils by using a blade. The
loading of active material was about 6 mg cm 2. The
film was dried at 60°C in air for 2 h and then was vac-
uum dried at 120°C for 3 h. Celgard 2400 membrane
was used as the separator. The cells were assembled in
an argon-filled glove box. A Li metal disk served as
counter electrode in the 2-electrode setup. Cyclic vol-
tammetry (CV) experiments were carried out over the
voltage range of 3.0-4.35 V at a scan rate of 0.1 mV
s~!. Charge-discharge tests were performed on battery
test instrument (KINGNUO CT2001A, China) at a
constant current density of 0.30 mA cm ™2 within the
potential range of 3.0-4.35 V. All the electrochemical
tests were carried out at room temperature.

Results and discussion

The preparation of precursor is the most crucial step in
the synthesis procedure. First, metal acetates and citric
acid are dissolved in water, forming a sol with the metal-
chelating citric acid. Then, the sol coagulates, and pre-
cipitation is induced after ultrasonication. This tech-
nique ensures the uniform mixing of raw materials and
leads to a short production time for the LiCr,Mn,_,O4
compounds. It was found that the sintering temperature,
the citric acid-to- metal ion molar ratios (R) and the Cr
doping level influence the microstructure and the mor-
phology of LiCry,Mn,_,O4 compounds and thereby lead
to changes in the electrochemical performance. In this
study, experiments were first designed to search for an
optimum sintering temperature and R value, which
would result in the best cycling performance for lithium
intercalation/deintercalation. In these experiments, pure
LiMn,0O,4 was chosen as an example.

Thermal analysis was first carried out to determine
the optimum heat-treatment temperature of the precur-
sor. TGA/DTA analysis on the precursors with R=1
was conducted at a heating rate of 10°C min~' in air.
The TGA/DTA curves shows that the decomposition of
the precursor mainly occurs below 400°C. The weight
loss between 400 and 700°C is less than 0.05%. The
DTA curve in Fig. 1 shows a large exothermic peak at
about 370°C, which might be due to the decomposition
of the organic groups and the formation of spinel
LiMn,0Oy. Therefore, a preheating temperature of 400°C
was chosen in our experiment.

The preheated samples were then sintered at higher
temperature to obtain products with better crystalliza-
tion and purity. Figure 2 shows the XRD patterns of the
LiMn,0, calcined at various temperatures with R=1
and that of the samples calcined at 800°C with different
R. For the sample calcined at 650°C, besides the spinel
LiMn,Oy crystalline phase, several minor peaks, which
correspond to the presence of Mn,O3;, were also ob-
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Fig. 1 The TG/DTA trace of precursor heat-treated from room
temperature to 800°C at a heating rate of 10°C min~" in air
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Fig. 2 The XRD patterns of LiMn,0, powders calcined at various
temperatures and LiMn,O,4 with different R calcined at 800°C

served. The impurity phase completely disappeared after
the sample was calcined at or above 700°C. Compared
with the LiMn,Oy4 prepared by ultrasonic co-precipita-
tion with R=1 calcined at 650°C, the XRD peaks of
LiMn,O4 calcined at higher temperature become
remarkably sharper, indicating better crystallization.
The XRD patterns of samples calcined at 800°C for 10 h
with different R values (1, 5/6 and 2/3) are also shown in
Fig. 2. Single-phase spinels are observed in all samples.
When R decreased to 1/2, no precipitation occurred
during sonication. The single-phase spinel is of the
Fd3m space group in which the lithium ions occupy
the tetrahedral (8a) sites and manganese resides at the
octahedral (16d) sites [15].

Fig. 3 Scanning electron
micrographs of the LiMn,Oy,
with R= Icalcined at a 700°C
b 750°C ¢ 800°C d 850°C
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Fig. 4 The cyclic voltammogram of the second cycle for the
LiMn,O, fired at 800°C with R=1. Scan rate is 0.1 mV s !

Figure 3 shows the scanning electron micrographs of
samples calcined at various temperatures in air for 10 h
with R=1. It can be seen that calcined powders are
loosely bound agglomerates of abnormally coarsened
particles. The particle size distribution is apparently
narrow and the average is in the submicrometer range.
The particle size shows no obvious changes with
increasing sintering temperature.

Figure 4 shows the cyclic voltammogram of a LiM-
n,04 electrode in 1 M LiPFg, 1:1 EC/DMC solution in
the potential region of 3.0-4.35 V at sweep rate of
0.1 mV s', and Fig. 5 presents the charge/discharge
characteristics of LiMn,Oy4 in the second cycle corre-
sponding to Fig. 4. The cell was cycled at 0.30 mA cm >
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Fig. 5 The second cycle charge/discharge curves for the LiMn,Oy4
powder calcined at 800°C with R=1 at current rate 0.3 mA cm 2

between 3.0 V and 4.35 V. Two pairs of redox current
peaks were observed in Fig. 4. They correspond to a
two-step reversible intercalation reaction in which the
lithium ions occupy tetragonal 8a sites in spinel Li M-
n,0O4 (x<1) in two steps [16]. Correspondingly, two
potential plateaus located at 3.9 and 4.1 V, respectively,
were observed in the charging/discharging curves. These
plateau potentials are in good agreement with the peak
potentials in Fig. 4. The upper plateau region of the
discharge curve represents a two-phase equilibrium
between A-MnO, and LigsMn,O,4, whereas the sec-
ond plateau represents a phase equilibrium between
Lio_5M1’1204 and LiMH204 [17, 18]

Figure 6 compares the discharge capacity vs. cycle
number of the Li/ LiMn,0y4 cell for powders calcined at
different temperatures with R=1. The cells were cycled
up to the 30th cycle at a rate of 0.3 mA cm > between
3.0 and 4.35 V. The single-phase LiMn,Oy4 sintered at
800°C demonstrates excellent cyclin% performance. It
initially delivered 131.7mA h g™ and retained
126.1 mA h g~ ! at the 10th cycle and 116.8 mA h g~ ! at
the 30th cycle, which is better than that of the powders
sintered at other temperatures.

140 = 700C
® 750°C
130 Y'Y A 300°C
A o
o...... Aaaa v 850C
° Adsa
_ 120w R Adaaa,,
< [
‘o0 ...-..llll oo . *
L]
g Hoqv BT H T
~ v .|l'
> v
g 1004 Vv
g Vv
= v
O g vy
Vv
"Vy
v
80 MAAZ2
Vv
70 4——7——"-—-"-""—-"-T-"T"-""—""—"—7
0 5 10 15 20 25 30 35
Cycle Number

Fig. 6 Specific discharge capacity of LiMn,O, fired at different
temperatures, where R=1
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Fig. 7 Cycling performance of LiMn,O, with various R and
LiCr,Mn,_,O4 with R=5/6 calcined at 800°C: a LiMn,O,4 with
R= 2/3, b LiMn204 with R= 5/6, c LiCI‘()_()QMIl]_ggO;l, d Licr()_()sM-
19504, € LiCrg 0gMn 9204, f LiCrg 10Mn;.9004

The influence of the citric acid-to-metal ion molar
ratio (R) on the electrochemical performance of prod-
ucts was also investigated to determine the ideal condi-
tions for preparing LiMn,O4, with the best
electrochemical characteristics. Figure 7 shows the dis-
charge capacity vs. cycle number of the Li/ LiMn,O4 cell
for powders with different R calcined at 800°C. The
LiMn,0,4 powders with R=5/6 delivered a initial dis-
charge capacity of 133.7mA hg ' and retained
120.3 mA h g~ ' at the 30th cycle and 112.3 mA h g ' at
the 45th cycle, which is better than that of R=2/3 or
R=1 (see Fig. 6). Based on the discussion above, it can
be concluded that the optimum R and sintering tem-
perature for LiMn,04 materials produced by the ultra-
sonic co-precipitation method are R=5/6 and 800°C,
respectively.

To further improve the cycling stability of LiMn,Oy4
system, studies on a series of Cr-doped LiMn,0, were
performed. Fig. 7b—f show a comparison of the initial
discharge characteristics of LiCr,Mn,_,O4 (x=0, 0.02,
0.05, 0.08, 0.10) calcined at 800°C for 10 h with R=5/6.
As the Cr content increases, the initial capacity decreases
slightly. The initial discharge capacity decreases from
133.7 to 119.3 mA h g~', as the Cr content increases
from x=0-0.10. However, the capacity fading with cy-
cling is significantly decreased with increasing Cr con-
tent. The discharge capacity retentions for LiMn;Oy,
LiCrp.02Mn 9g04,LiCrg 0sMn; 9504, LiCrg ggsMn; 9204
and LiCrg Mn; 9904 after 45 cycles are 83.9, 91.7, 94.6,
96.1, and 96.5% of their initial discharging capacity,
respectively. According to initial discharge capacity and
discharge capacity retention, the optimum Cr content is
0.08. The good cyclability is mainly due to an increase in
the stability of the spinel structure. The radius of cr’t
(0.615 A) is near to that of Mn>" (0.68 A), and it exists
in a stable d* configuration where it prefers an octahe-
dral coordination [19-21]. Therefore, LiCr,Mn,_, Oy is
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Fig. 8 Discharge behavior at the first cycle of LiCryMn,_ ,O4: a
x=0.00, b x=0.02, ¢ x=0.05,d x=0.08, e x=0.10

still a single-phase spinel. During the lithium intercala-
tion and de-intercalation process, the cubic symmetry of
this spinel is not destroyed, thus its cycling behavior has
been greatly improved. The substitution of some Mn-O
bonds in the spinel with Cr—O may also enhance the
stability of the octahedral sites in the spinel skeleton
structure [22]. Consequently, the stability of spinel
structure is improved, thus the dissolution of Mn*" can
be suppressed [23] (Fig. 8).

Conclusions

We have successfully synthesized LiCr,Mn,_ ,O4 (x=0,
0.02, 0.05, 0.08, 0.10) by a new method we have named
ultrasonic co-precipitation. All of the as-prepared
LiMn,0O4 powders were identified as a single spinel
phase. LiMn,O4 annealed at 800°C with R=5/6
delivered a high discharge capacity as well as good
capacity retention. As Mn was replaced by Cr, the initial
capacity decreased slightly, but the capacity retention
was enhanced. The initial discharge capacity of
LiCrg osMn; 9,04 is 121.6 mA h g=! and it retained
116.8 mA h g~! at the 45th cycle. Therefore, it can be
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seen that ultrasonic co-precipitation is an effective
method to prepare cathode material for lithium-ion
batteries with a simple process that only requires a short
reaction time.
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