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LiMgo.0sMn19404 cathode materials were synthesized by a molten-salt combustion method at 400 C
for 1h and two- step calcination at 500 °C, 600 °C, 700 °C and 800 °C for 3h. The temperature effect
on the crystal structure and the morphology of LiMgoosMn194O4 has been evaluated by X-ray
diffraction (XRD) analysis and scanning electron microscopy (SEM). The materials synthesized at 600
°C and 700°C were single phase, while Mn,0O3 and Mn3O,4 impurity phases can be detected in the other
materials synthesized at 800 °C and 900 °C, respectively. The average particle size of
LiMgo.06Mn1.9404 increased with the increase of calcination temperature. The effect of the calcination
temperature on the electrochemical performances of the LiMgo0sMny19404 materials has also been
studied by galvanostatic charge/discharge tests and cyclicvoltammetry (CV) measurements. The results
showed that the prepared LiMgo0sMn1.9404at 600 °C and 700°C demonstrated better electrochemical
performance than the ones at 500 °C and 800°C, with an initial discharge specific capacity of 117.7
mAh g™ and 112.8 mAh g, and their capacity retention was 78.2% and 79.3% after 100 cycles at 0.5
C, respectively.
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1. INTRODUCTION

Nowadays, lithium-ion batteries (LIBs) have been widely used for the power sources in the
myriad portable electric devices due to their excellent electrochemical performance [1, 2]. The safety
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concerns of LIBs seem to be the more seriously cared [3]. Due to its high safety, spinel LiMn,O4, as a
positive-electrode material with 3D tunnel structure for the transportation of Li* ions, has received a
great deal of attention [4-7].

Unfortunately, the use of spinel LiMn,O, as the cathode of LIBs is precluded by its capacity
fading. This capacity fading is suggested to be the main result from the structural distortion of spinel
LiMn,0O, via the replace of Mn?* by the Jahn-Teller active Mn** ion [8-10]. Thus, substitutions of the
Jahn-Teller active Mn** ions by other cations (e.g. Li, Al, Mg, Co, Cr, Cu, Ni), have been thought to be
an effective way for the suppression of capacity fading for spinel LiMn,O,4 [11-17]. Magnesium a
preferred dopant for LiMn,O, since it is abundant, eco-friendly, low-cost, less expensive and lighter
than transition metal elements. Mg-doping LiMn,O,4 has shown the distinct improvement of capacity
fading by improving the structural stability, which is attributed to increasing relative amount of Jahn-
Teller inactive Mn*" ion [14, 18-20]. Generally, cation-substituted spinel LiMn,O, was mainly
prepared by solid-state method [21], sol-gel method [12], molten salts synthesis [22], co-precipitation
method [23], solid-state combustion synthesis [14], molten-salt combustion methods [20] and so on.
Among these methods, the molten-salt method generally uses carbonate or hydroxide as a raw material
and excess KCI or LiOH as a molten medium or reactant. After preparation, the samples need to be
washed with ethanol or distilled water to remove the excess KCI or Li salt, which makes the process
more complex [22]. The molten-salt combustion methods to produce ion-doped LiMn,O, are attractive
because of their rapid reaction rate, simplicity and low cost; in addition, stoichiometric products can be
obtained. Huang et al [20] prepared spinel LiMgxMn,xO4 (x<0.10) by a molten-salt combustion
method and showed that Mg-doped samples can improve the cyclic performance and rate capacity
compared to the LiMn,O,4. However, there are few reports where Mg-doped LiMn204 is obtained
using the molten-salt combustion method at various heat treatment temperatures.

In this work, the molten-salt combustion method was utilized to prepare the LiMgo.0sMn1.9404
cathode materials using acetate raw materials. This method does not need the addition of other fuel,
and raw materials realize self-mixing by heating directly. The influence of calcinations temperature on
the crystal structure, morphology, and electrochemical properties of the LiMggosMn1.9404 cathode
materials was also investigated.

2. EXPERIMENTAL

2.1. Preparation of samples

Spinel LiMgo0sMn19404 samples were synthesized by a molten-salt combustion method.
Stoichiometric amounts of lithium acetate (AR, alading), manganese acetate (AR, alading) and
magnesium acetate (AR, alading) were weighed, and blended in a 300 mL porcelain crucible. After
preheating at 400 °C for 1h in a muffle furnace, the mixture was ground and sintered at calcination
temperatures for 3h, followed by cooling down to room temperature to obtain the final product
LiMgo.0sMn1.9404 powders. To explore the impact of calcination temperatures on the electrochemical
properties of LiMgo06Mn1.9404, diverse temperature values of 500 °C, 600 °C, 700 °C and 800 °C were
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chosen as the research objects. For convenience, the products prepared at 500°C, 600°C, 700 Cand
800°C are marked as 11500, 11600, 11700 and 11800, respectively.

2.2. Characterization

The crystalline structure of samples was characterized by X-ray diffraction (XRD; D/max-
TTRIII, Rigaku, Japan) with Cu Ka radiation operated at 30 mA and voltage of 40 kV in the 26
angular range of 10-70° at 4° min™ with 0.02° step size. Lattice parameters were obtained by Jade 5.0
software. The morphology of the LiMgo0sMn19404 powders was detected by scanning electron
microscopy (SEM; Quanta-200, FEI, Hillsboro, OR, USA).

2.3. Electrochemical measurements

The mixture, which is composed of 80 wt.% active powder LiMQoosMn19404, 10 wt.%,
acetylene black 10 wt.% polyvinylidene difluoride, were blended in N-methyl-2-pyrrolidone to form a
homogeneous slurry. After pasting onto an Al foil by a doctor-blade technique, the slurry was dried at
120 °C overnight in a vacuum oven to obtain the cathodes. The cathodes were then cut by roll-press.
For electrochemical measurements, CR2025 coin-type cells were assembled in an argon-filled glove
box using a polypropylene microporous film (Celgard 2320) separator between the prepared cathodes
and Li foil anode, 1.0 M LiPFg dissolved in ethylene carbonate and dimethyl carbonate (1:1 in volume)
as the electrolyte. The cells of galvanostatic charge and discharge were tested by a Land electric test
system (CT2000A, Wuhan Jinnuo Electronics Co., Ltd., China) in the potential range between 3.0 and
4.5V at 0.5 C. Cyclic voltammetry (CV) was performed on an electrochemical workstation (IM6ex,
Zahner Elektrik GmbH&Co. KG, Germany) at a scanning rate of 0.05 mV s in the voltage range of
3.5-4.6 V. Electrochemical impedance spectroscopy (EIS) was recorded on the same electrochemical
workstation with the frequency range from 0.1 Hz to 100 KHz and an 10mV AC signal amplitude .

3. RESULTS AND DISCUSSION

3.1 X-ray diffraction analysis

Fig.1 shows the XRD patterns of LiMgo0sMn1.9404 powders prepared by the molten-salt
combustion method. The XRD patterns of all samples presented in Fig. 1 exhibit all the diffraction
peaks corresponding to the cubic spinel LiMn,O, with the Fd3m space group (JCPDS, PDF35-
0782)[24], suggested that the spinel structure of LiMn,O,4 could be synthesised by the two-step
calcinations process. The crystallinity of synthesized materials increased with the increase of
calcination temperature. The materials synthesized at 11600 and 11700 were single phase. The impurity
was Mn,Oj3 at 11500 materials, while at 11800 materials, the impurity phase abruptly transformed into
Mn3O4 which could be attributed to that the 11800 sample demonstrated more decomposition so that
generated more Mn3QO,4 impurities at a higher temperature. The lattice parameters of the materials are
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summarized in Table 1. The results showed that the lattice parameters grow up with the extension of
calcinations temperature, which indicates that the enhancement of calcination temperature was
beneficial for the expansion of unit cell. In addition, the lattice parameters of all materials were less
than the standard value (8.247A) of spinel LiMn,O., because of Mn®" (0.645 A) ions are replaced by
Mg®* (0.650 A) ions, as well as Mn®" (0.645 A) ions translated to Mn** (0.53 A) ions, which indicated
that Mg®* ions were doped into the spinel LiMn,O, lattice [25].

Intensity (a.u)

26(°)

Figure 1. XRD patterns of LiMgo 06Mn; 9404 materials prepared at different calcination temperatures.

Table 1. Lattice parameter of the prepared LiMgo.0sMny.9404 Samples

Samples Lattice parameters (A)
11500 8.2231
11600 8.2295
11700 8.2299
11800 8.2308

3.2 Morphology and particle size analysis

The SEM images of LiMgo 06Mn1.0404 powders are presented in Fig. 2 prepared at 400 °C for 1
h and two-stage calcination at 500 °C, 600 °C, 700 °C and 800 °C for 3h. All materials exhibited an
inhomogeneous distribution. The materials calcined at lower temperature showed agglomeration. It can
be observed from Fig. 2 that the average particle size of 11500 and 11600 materials was not significantly
changed, while that of 11700 and 11800 materials were increased from about 0.5 um to 1.0 um,
implying that the grains grow more completely, larger particle size and weaker agglomeration, with the
increase of calcination temperature. At the calcination temperature from 700 °C to 800 °C, the grains
had a spinel-like structure with clear edges. At the high-temperature calcinations of 800 “C, the grains
revealed much clearer particle interface.
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Figure2. SEM images of the LiMgo0sMn19404 materials prepared at different calcinations
temperatures: 11500 (a), 11600 (b), 11700 (c), and 11800 (d).

3.3 Galvanostatic charge/discharge behavior

Fig. 3(a) and (b) display the initial galvanostatic discharge profiles and cycling performance
curves of all the LiMgo0sMn1.0404 materials between 3.0 V and 4.5V (vs. Li / Li*) at 0.5 C. All the
samples display two voltage plateaus at 3.9-4.2 V, corresponding to Li* insertion/extraction at two
different tetragonal 8a sites in the spinel framework [26].Fig. 3 and Table 2 show the discharge
specific capacities of all products were 82.6, 92.1, 89.5 and 54.9 mAh g™ and the capacity retentions
were 81.1%, 78.2%, 79.3% and 68.8% after 100 cycles, respectively. The sample of 11500 shows the
highest capacity retention, with a lower initial discharge specific capacity. Compared with the sample
of 11600, which was higher than those of the other samples. Hence, the 11600 product shows a better
electrochemical performance.
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Figure 3. Potential profiles and first cycle discharge capacity of the products at the current densities of
0.5 C (a), and cycle performances at current of 0.5 C (b).

Table 2. Initial, 100" discharge capacities, and capacity retention of the prepared LiMgo.0sMn1 9404

samples
Cathode 1% discharge capacity 100™ discharge Capacity retention
material (mAh/qg) capacity (mAh/qg) (%)

11500 101.9 82.6 81.1

11600 117.7 92.1 78.2

11700 112.8 89.5 79.3

11800 79.8 54.9 68.8

3.4. Electrochemical behavior

The typical cyclic voltammograms of 11500 and 11600 after the completion of 100™ cycles at a
scan rate of 0.05 mVs™ in the potential range between 3.60 and 4.50 V. Fig. 4 shows that the 11600
sample exhibited higher peak current and peak area, indicating higher discharge specific capacity and
electrochemical activity.
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Figure 4. CV curves of 11500 and 11600 in the voltage range of 3.60 — 4.50 V (0.05 mV/s).
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For the 11500, both anodic and cathodic peaks are broader and closed to each other with weaker
intensity of peaks current compared to 11600, indicating 11600 has smaller polarization and better
reversibility[15,27]. Based on the results, 11600 has better reversibility and electrochemical
performances.

4. CONCLUSIONS

The spinel LiMgo0sMn;9404 cathode materials were successfully synthesized by the molten-
salt combustion method at different calcination temperatures (500 °C, 600 °C, 700 °C and 800 °C).
XRD characterization exhibited that 11600 and 11700 materials are single phase, while Mn,O3 and
Mn3O4 impurity phases can be detected in the other materials synthesized at 800 °C and 900 °C,
respectively. The particle size of LiMgo0sMn19404 materials increased with the increase of
calcinations temperature. Moreover, the 11600 and 11700 materials revealed excellent electrochemical
performance with initial discharge specific capacity of 117.7 and 112.8 mAh g*, and capacity retention
of 78.2% and 79.3% after 100 cycles at 0.5 C, respectively. Thus, the calcinations temperature is an
important parameter for the preparation of LiMg0sMn1.9404 materials by molten-salt combustion
method using the acetate raw material.
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