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Spinel LiMn,0O, of the Fd3m space group was prepared via solid-state combustion synthesis using
oxalic acid as a fuel. Its phase structure and microstructure were characterized by X-ray diffraction
(XRD), Fourier transform infrared (FT-IR) spectroscopy and scanning electron microscopy (SEM).
The electrochemical performance of material was investigated by galvanostatic charge/discharge,
cyclic voltammetry (CV) and electrochemical impedance spectra (EIS). The XRD patterns indicate
that samples containing oxalic acid are single-crystalline phase of LiMn,O,. SEM images show that
samples containing oxalic acid are composed of spherical-like particles whereas the sample without
oxalic acid is composed of agglomerated clusters. At 0.2 C, galvanostatic charge/discharge
experiments demonstrate that the discharge capacity of samples increases with an increase in oxalic
acid content up to 5 wt% and it decreases at an oxalic acid content of >10 wt%. The specimen
containing 5 wt% oxalic acid possesses the highest initial discharge capacity. CV and EIS results
further confirm that this sample has the best electrochemical activity.
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1. INTRODUCTION

The lithium-ion battery (LIB), as a medium of electrochemical energy storage and conversion,
was first commercialized by Sony in 1991 and owes its name to the exchange of Li* ions between a
graphite anode and a layered-oxide cathode [1]. It is regarded as a promising new power source for
hybrid electric vehicles because of its long cycle life, elevated energy density, high working voltage
and low self-discharge rate compared with other rechargeable systems [2]. Since the
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commercialization of lithium-ion secondary batteries, they occupy a prime position in the commercial
market for powering portable electronic devices such as laptops, personal digital assistants, and
cellular phones. They have been listed as candidates for aerospace power supplies, military and energy
storage. The traditional cathode materials mainly include layered LiCoO,, olivine LiFePO, and spinel
LiMn,O, [3]. However, spinel LiMn,O, has received much attention as one of the most competitive
positive-electrode materials for LIBs due to its abundant resources, low cost, high safety and
environmental friendliness [4].

It is well documented that the electrochemical performance of cathode materials effectively
depends on their physical and chemical properties including structural integrity, crystallite size, phase
homogeneity and microstructure [5,6]. Furthermore, most of these physicochemical parameters are
influenced by the synthetic process used [7,8]. Conventional methods for the preparation of LiMn,04
contains solid-state reaction [9], co-precipitation [10], sol-gel method [11], hydrothermal synthesis
[12] Pechini method [13], etc. The traditional solid-state synthesis process can achieve the industrial-
scale production of spinel LiMn,O4 with convenient operation but it suffers from the long-range
diffusion of metal ions, which may result in inhomogeneity, a larger particle size and longer
calcination times [14]. Our research group has investigated the influence of various fuels on solid-state
combustion synthesis. These fuels include glucose [6] and citric acid [15]. Experimental results show
that different fuels can greatly affect the particle morphology and electrochemical performance of the
products. The micro-morphology of samples prepared using an acid fuel is mainly a spherical-like
particle while the micro-morphology of specimens prepared using glucose is a lump. In this research,
spinel LiMn,O,4 with Fd3m space group was rapidly prepared by solid-state combustion synthesis
using oxalic acid as the fuel. The crystalline structure, micro-morphology and electrochemical
performance of the products were investigated in detail. Compared with glucose and citric acid, oxalic
acid gives more uniform particle sizes and a narrower size distribution range (0.10-1.5 um).

2. EXPERIMENTAL

2.1 Material preparation

Lithium carbonate (AR, Sinopharm) and manganese carbonate (AR, Tianjin Kemiou) were
used as metal source materials and oxalic acid (AR, Tianjin No. 3 Chemical Reagent Factory) was
used as the fuel. Lithium carbonate and manganese carbonate were weighed to give a stoichiometric
ratio of Mn:Li = 2:1, and then the metal carbonates were placed in a 500 mL polytetrafluoroethylene
jar with an ethanol medium. A specific amount of oxalic acid was then added to the mixture and the
raw materials together with oxalic acid were ball-milled thoroughly by planetary ball mill. After
evaporation of the solvent, the mixture was ground into white powder until a flour-like consistency
was obtained. About 5 g of the powder was combusted in a muffle furnace at 500 °C for 1 h.
Ultimately, the alumina crucible containing the starting materials was removed and the target LiMn,0,
product was obtained after the starting materials spontaneously cooled to ambient temperature. To
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determine the impact of the amount of oxalic acid on the electrochemical properties of LiMn,O,4, a
mass percentage series of 0 wt%, 5 wt%, 10 wt%, 20 wt% and 30 wt% were prepared.

2.2 Sample characterization

Differential thermal analysis (DTA) and thermogravimetry (TG) measurements were carried
out in an air atmosphere using a TG-DSC thermal analyzer system (STA449F3, NETZSCH) at a
heating rate of 10 °C/min from 40 to 700 °C. Fourier transform infrared (FT-IR) spectroscopy of the
as-prepared material was conducted using KBr pellets in the 400 to 800 cm ™ range with a Nicolet 1510
spectrometer. Powder X-ray diffraction (XRD, D/max-TTRIII, Japan) with Cu Ka radiation was used
to identify the crystalline phase of the prepared powders. XRD data were collected at 26 = 10-70° with
a step width of 0.02°, a scan speed of 4°/min, an operating current of 30 mA and a voltage of 40 kV.
The morphologies of the as-prepared powders were determined by scanning electron microscopy
(SEM, QUANTA 200, America FEI).

2.3 Cell assembly and electrochemical evaluation

Electrochemical performance was evaluated using CR2025 coin-type cells assembled in a
glove box (MBraun, Germany) filled with high-purity argon gas. The positive electrodes were
prepared by homogeneously coating a syrupy N-methyl-pyrrolidone (NMP) solution composed of 80
wit% active material, 10 wt% acetylene black, and 10 wt% polyvinylidene fluoride (PVDF) onto clean
and polished aluminum foil by the doctor-blade technique. It was then cut into small disks 16 mm in
diameter under a specific pressure, and before assembling the cells these small disks were dried at 120
°C under vacuum for 12 h. Lithium metal foil, 1 M LiPFg dissolved in ethylene carbonate (EC)-diethyl
carbonate (DEC) (1:1, v/v) and a Celgard 2320-type membrane were used as the counter electrode, the
electrolyte and a microporous polypropylene separator, respectively.

At room temperature, charge-discharge experiments were carried out galvanostatically using a
cut-off voltage limit of 3.20-4.35 V (versus Li/Li") at 0.2 C with a Land electric test system CT2001A
(Wuhan Jinnuo Electronic Co., Ltd). Cyclic voltammogram (CV) measurements were obtained at room
temperature on a ZAHNER Zennium IM6 Electrochemical Workstation (ZAHNER-elektrik GmbH &
Co. KG, Kronach, Germany) at a scan rate of 0.2 mV/s over a voltage range of 3.6 V to 4.5 V (versus
Li/Li"). Electrochemical impedance spectroscopy (EIS) measurements of the cells were obtained using
an IM6ex electrochemical workstation. The frequency ranged from 0.1 Hz to 100 KHz with an applied
AC signal amplitude of 10 mV.

3. RESULTS AND DISCUSSION

3.1 Thermal analysis of the precursor

Fig. 1 shows TG-DSC curves of the LiMn,O, obtained from the precursor containing 5 wt%
oxalic acid. The weight loss of the precursor can be roughly divided into four parts in the 40-700 °C
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range. The minor weight decrease before 340 °C comes from the volatilization of water adsorbed on
the sample surface.
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Figure 1. TG-DSC curves of LiMn,O4 obtained from the precursor with 5 wt% oxalic acid.

The significant weight loss accompanied by an acute exothermic peak around 340-400 °C
corresponds to the decomposition reactions of metal carbonate and fuel. In this stage, a considerable
amount of carbon dioxide is continously released which contributes to the major total weight loss.
From 400 °C to 500 °C, just a small amount of weight loss can be observed in the TG curves. At
higher than 500 °C, the TG curve is almost flat with negligible weight loss, implying the formation of
a stable spinel complex oxide at 500 °C [16].

3.2 Crystal phase and microstructural characterization

Fig. 2 compares the FT-IR spectra of the as-prepared powders in a wavelength range of 400-
800 cm* and these were recorded at room temperature. Two characteristic absorption bands from the
Mn(1V)-O and Mn(111)-O asymmetrical stretching vibration of the MnOg octahedron are present at 615
cm 'and 510 cm ™', respectively [17].

A typical XRD pattern of each sample is shown in Fig. 3. The well-defined reflection peaks
include eight lattice planes at (111), (311), (222), (400), (331), (511) (440) and (531). These are all
indexed to the cubic structure of spinel LiMn,0O,4 (JCPDS File No. 35-0782) with a Fd3m space group.
The sample without oxalic acid contained trace amounts of the Mn,0O3 phase, but no peaks for impurity
phase were detected in the samples containing oxalic acid. Results show that adding moderate amount
of oxalic acid as a fuel could improve the purity of products.



Int. J. Electrochem. Sci., Vol. 10, 2015 3889

Intensity / a.u.

\

510

V

800 700 600 500 400
Wave number/cm’

Figure 2. FT-IR spectra of LiMn,O4 with (a) 0 wt%, (b) 5 wt%, (c) 10 wt%, (d) 20 wt% and (e) 30
wt% oxalic acid, respectively.
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Figure 3. XRD patterns of LiMn,O, prepared with different amount of oxalic acid.

SEM images of the LiMn,O,4 powder after the combustion reaction are shown in Fig. 4. It is
evident that the particle size and granularity distribution of the LiMn,O, material showed distinct
changes after the addition of oxalic acid. The sample prepared without oxalic acid agglomerated in
clusters; however, the samples obtained with the addition of oxalic acid are spherical-like particles
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with homogeneous granularity, a clear surface boundary and a narrow size distribution of 0.10-1.5 pm.
The morphology of samples obtained with the addition of oxalic acid is basically identical to that of
the product obtained with the addition of citric acid as a fuel [15]. Apparently, with an increase in the
amount of oxalic acid, the agglomeration of the powders is limited, leading to smaller particles, a
clearer interface and larger interspaces.
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Figure 4. SEM images of LiMn,0O4 with (a) 0 wt%, (b) 5 wt%, (c) 10 wt%, (d) 20 wt% and (e) 30 wt%
oxalic acid, respectively.
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A large interspace between particles is advantageous for electrolyte permeation into cathode
materials and for the intercalation-deintercalation of lithium ions during the charge-discharge process.
Therefore, it may improve the electrochemical performance of the LiMn,0, cathode material.

3.3 Electrochemical performance
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Figure 5. The initial galvanostatic charge-discharge curves of LiMn,O,4 products with (a) 0 wt%, (b) 5
wit%, (c) 10 wt%, (d) 20 wt% and (e) 30 wt% oxalic acid, respectively.
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Figure 6. Cycling performance of the LiMn,O, electrodes synthesized with various amount of oxalic
acid.
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Fig. 5 and Fig. 6 show the initial galvanostatic charge-discharge profiles and the cycling
performance curves of the products, respectively. The voltage range was 3.20-4.35 V (vs. Li/Li") at 0.2
C and at room temperature. All the samples gave two well-defined voltage plateaus during the charge-
discharge process and these coincide with Li* insertion and extraction at two different tetragonal 8a
sites in the spinel framework [18].

Table 1. The discharge specific capacity and capacity retention of LiMn,O, after 40 cycles.

Discharge specific capacity

Oxalic acid Capacity retention
(mAh/g)
amount (wt%) i - (%)
First cycle 40™ cycle
0 101.5 90.40 89.06
5 108.5 96.70 89.12
10 99.50 91.00 91.46
20 93.80 84.40 89.98
30 87.30 79.30 90.84
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Figure 7. Cyclic voltammogram of the 10™ cycle of cathode materials with (a) 0 wt%, (b) 5 wt%, (c)
10 wit%, (d) 20 wt% and (e) 30 wt% oxalic acid, respectively.

Table 1 lists the discharge specific capacity and the capacity retention after 40 cycles for the
cathode materials. Clearly, with an increase in the amount of oxalic acid from 0 wt% to 30 wt%, the
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initial discharge capacity of the products increases gradually to a maximum value of 108.5 mAh/g for
the 5 wt% product and then decreases with an increase in the amount of oxalic acid from 10 wt% to 30
Wt%. After the 40" cycle, the 10 wt% oxalic acid specimen gave the highest capacity retention of
91.46%, and its capacity retention only increased by 2.40% compared with the sample without oxalic
acid.
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Figure 8. (a) The electrochemical impedance spectra of all cathode materials after 10 charge-discharge
cycles, (b) EIS plots of LiMn,O, electrodes with 0 wt% and 5 wt% oxalic acid and (c) The
corresponding equivalent circuit simulated by ZView software.
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Thus, adding oxalic acid as a fuel does not greatly influence the cycling performance of the
products.

Cyclic voltammograms (CV) of all the samples after the 10" cycle are shown in Fig. 7. Two
pairs of redox peaks were presented in the CV curves and this is consistent with the two distinct
plateaus in the charge-discharge curves of Fig. 5. Moreover, the CV curve of the product containing 5
wit% oxalic acid is characterized by two highly distinct oxidation current peaks at high potential, two
highly distinct reduction current peaks at low potential and a relatively large integrated area. This
indicates the cathode material has better electrochemical activity and a reversible oxidation reaction
process [19].

Fig. 8 (a) shows the electrochemical impedance spectra of all the cathode materials after 10
charge-discharge cycles. EIS plots of the LiMn,0O, electrodes containing 0 wt% and 5 wt% oxalic acid
are shown in Fig. 8 (b) while Fig. 8 (c) is the corresponding equivalent circuit. The parameters of the
impedance spectra in Fig. 8 (b) were simulated using ZSimpWin. Table 2 lists the fitting results.

The impedance spectra of LiMn,O, are characterized by an oblate semicircle in the middle-
frequency region and a sloping line in the low-frequency range. An intercept at the Z, axis in the
high-frequency region corresponds to the ohmic resistance (Rs) of the electrolyte. The depressed
semicircle in the middle-frequency range is related to the charge transfer resistance (Rc). The sloped
line in the low-frequency range represents the Warburg impedance (W) that corresponds to the
lithium-ion diffusion process.

Table 2. The fitting values of electrochemical parameters obtained from EIS.

Oxalic acid amount (wt%)

Parameter (Q)

0 5
Rs 8.963 6.429
Ret 173.4 119

From Fig. 8 (a), with an increase in the amount of oxalic acid, the R value first decreases to a
minimum and then gradually increases. Combined with the data from Table 2, the R reaches a
minimum of 119 Q for the 5 wt% oxalic acid product, which is far lower than that of the sample
without oxalic acid (173.4 Q). This fact further confirms that adding a moderate amount of oxalic acid
can improve the electronic conductivity of the LiMn,O, electrode and enhance the electrochemical
performance of the cathode material [19-21].
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4. CONCLUSIONS

Oxalic acid was used as an assistant fuel to synthesize spinel type LiMn,O, by a simple and
efficient solid-state combustion synthesis at 500 °C for 1 h. The influence of the amount of fuel on the
physicochemical properties of the products is discussed in detail. XRD patterns reveal that the main
phase of the material is spinel LiMn,O4,. SEM images indicate that the as-synthesized LiMn,0,
without oxalic acid consists of agglomerated clusters; however, the products obtained upon the
addition of oxalic acid are uniformly distributed spherical-like particles with a clear surface boundary
and a slightly reduced particle size. Electrochemical results show that the LiMn,O, electrode
containing 5 wt% oxalic acid exhibits the highest initial discharge capacity of 108.5 mAh/g. Both the
CV and EIS tests also indicate that the specimen containing 5 wt% oxalic acid possesses superior
electrochemical reversibility and optimal electrochemical activity.
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