Int. J. Electrochem. Sci., 10 (2015) 4044 - 4052

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Characterization of Spinel-type LiCo0g0:Mny 40,4 Prepared by
Liquid-phase Famless Combustion

Fangli Yang™?, Jijun Huang'?, Jiabin Hao'? Qiling Li*? Hongli Bai*?, Changwei Su'?,
Junming Guo*?

'Key Laboratory of Resource Clean Conversion in Ethnic Regions, Education Department of Yunnan,
Yunnan Minzu University, Kunming 650500, PR China

2 Key Laboratory of Chemistry in Ethnic Medicinal Resources, State Ethnic Affairs Commission &
Ministry of Education, School of Chemistry and Biotechnology, Yunnan Minzu University, Kunming
650500, PR China

“E-mail: guojunming@tsinghua.org.cn

Received: 15 January 2015 / Accepted: 3 March 2015 / Published: 23 March 2015

In this paper, LiCog04Mn;9504 cathode materials were prepared by a liquid-phase famless combustion
synthesis at different temperatures and two-stage calcination. The single phase LiC0g04Mn;.9604 was
synthesised by liquid-phase famless combustion , the samples at 600°Cand two-stage calcination have a
better crystallinity. Two-stage calcination sample revealed the excellent electrochemical performance
with an initial specific discharge capacity of 121.9 mAh g™ at 0.2 C and a capacity retention of 80.6%
after 60 cycles. The results showed that the electrochemical activity of LiMn,O,4 can be improved by
the increase of temperatures. The sample of two-stage calcination exhibited an excellent
electrochemical activity.
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1. INTRODUCTION

Lithium rechargeable batteries have become great appealing power source due to their high
energy density, high power density, low cost and stable cycling lifepan [1]. Spinel LiMn,O, are
considered as the most promising materials for replacing LiCoO, as commercialization cathode
material ascribed to its merits of low material cost, rich aboundance of Mn resource, low toxicity of
Mn ion and environmental friendly. Recent surveys have shown that the preparation process is an
important factor that affects the electrochemical performance of spinel LiMn,0, cathode material. It is
well known to all that traditional synthesis of LiMn,O, mainly including: High temperature solid-state
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process [2], sol-gel method [3], hydrothermal synthesis [4], co-precipitation method [5] and
combustion method [6]. Spinel LiMn,O, was firstly synthesized by the liquid-phase famless
combustion which our team have detailed study [7]. Nevertheless, the capacity fading of LiMn,Oy is a
fatal obstacle which limits its large-scale use. The reasons of fast decay capacity have been widely
investigated and they were mainly divided into the following three aspects: (1) Jahn-Teller distortion
[8-9], (2) the dissolution of Mn*into the electrolyte [10], (3) changes in crystallinity [11]. To
overcome the aforementioned problems, many researchers have attempted to improve the structural
stability and electrochemical performance of LiMn,0, cathode material by ions doping and surface
modified. However, for the ions doping, the doping ions should have a similar static energy ,valence
state and ionic radius with Mn. In addition, The strength of M—O bonding is stronger than Mn-O
bonding after ion doping , which can improve the structural stability. Studies showed that the common
ions doping including Mg** [14], Cu®[15], Ni*[16], AI**[17], Co®*[18]. Nowadays it is not ever
reported the material LiC0g04Mn1.9504 Synthesized by the liquid-phase famless combustion.

In this work, to improve complex preparation process and capacity degradation of the spinel
LiMn,0y, LiCog04Mn; 9604 cathode materials were synthesized by a liquid-phase fameless combustion
at different temperatures and two-stage calcination. The influence of different calcination temperatures
on the crystal structure and electrochemical properties of the LiCog04Mn; 9604 cathode materials were
also investigated in detail to find the best way to improve the cycle prosperity of the LiMn;0..

2. EXPERIMENTAL

2.1. Preparation of LiC0g 04Mn; 9604

LiC0p04Mn1.960,4 cathode materials prepared by a liquid-phase famless combustion [19]. First
of all, lithium nitrate (AR, aladdin), manganese acetate (AR, aladdin) and cobalt acetate (AR, aladdin)
were dissolved in 9 mol/L nitrate with a stoichiometric ratio of Li:Mn:C0=1:1.96:0.04. The solution
was calcined at 400 °C, 500 °C and 600 °C for 3 h. The original LiC0g04Mn19s04 material was
obtained (samples were marked l400, Iso0 and lgeo). And then the original LiCog04Mn1.9604 calcined 500
°C material was further calcined at 600 °C for 3 h, the two-stage calcined LiCo0g04sMn;9604 Was got
( sample was marked Ilgg0).

2.2 Characterization of LiCog gsMn1 9604 materials

The characterization of the LiCog04Mn;960,4 powders was characterized by X-ray diffraction
(XRD, D/max-TTRIII, Japan) with Cu Ka radiation to identify the crystal structure and the
measurement range was from 10° to 70°with 0.02° step size and scan speed was 4°min™ at an
operation current of 30 mA and voltage of 40 kV. Lattice parameters were obtained using Jade 5.0
software. The particle morphology of the LiCog04Mn1.9604 powders was observed by scanning electron
microscopy (SEM, QUANTA-200 America FEI Company).
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2.3. Electrochemical Studies of LiCog4Mn1 9504 Materials

The cathode was obtained of 80 wt% LiCo0g4Mn19604 powders (active materials), 10 wt%
carbon black (conductive agent), and 10 wt% polyvinylidene fluoride (PVDF, binder) in N-methyl-2-
pyrrolidone (NMP) solvent followed by coating onto Al foil current collector . The coated Al foil was
punched to obtained 16 mm diameter. The prepared electrodes were dried at 120°C for overnight under
vacuum. Using Celgard 2320-type membranes as the separator, the electrolyte was 1 mol L™ LiPFgin
EC/DMC(volume ratio 1:1) . The CR2025 coin-type cells with lithium foil as anode were assembled
in a dry glove box filled with high purity argon gas. The galvanostatic charge and discharge tests of the
cells were performed by Land electric test system CT200 (Wuhan Jinnuo Electronics Co, Ltd) at a
current density of 0.2 C in the potential range between 3.20 V and 4.35 V. Cyclic voltammograms
(CV) of the cells were measured at room temperature on a electrochemical workstation ( IM6ex,
ZAHNER-elektrik GmbH&Co. KG, Germany) in the voltage range from 3.6 to 4.5 V at the scann rate
of 0.05 mV s™. EIS measurements were also conduct in two-electrode cells by using electrochemical
workstation (IM6ex) with a frequency range from 0.1 to 100 KHz. All electrochemical measurements
were performed at ambient temperature. The positive electrodes were adopted as the work electrode;
the counter electrode and reference electrode were Li foil.

3. RESULTS AND DISCUSSION

3.1 X-ray diffraction analysis
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Figure 1. XRD patterns of LiCog04Mn;.9504 materials prepared at different calcination temperatures.

Fig.1 shows the X-ray diffraction patterns of LiCoo04Mn;.0604Samples prepared by the liquid-
phase famless combustion at 400 °C, 500 °C and 600 °C for 3 h and two-stage calcination at 600 °C for
3 h. All the characteristic diffraction peaks of spinel LiMn,O, (JCPDS no. 35-0782) with the Fd3m
space group [20] at the planesof (111),(311),(222),(400),(331),(511),(440)and (531),
respectively. The XRD patterns demonstrate that the major spinel structure of LiMn,Oy is not seriously
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changed after the Co doped. The particle size of the LiCog04Mn;9504 Samples can be calculated by

Scherrer equation:
kA

D=-— >~
(B cos 0)
Where D is the average particle size, K is a constant, A is the wavelength of the XRD. B is the
broadening of the diffraction line measured at half maximum intensity and 0 is the Bragg angle. Using
scherrer equation, the lattice parameters calculated by Jade 5.0 shows in table. 1.

Table 1. The lattice parameters of LiCo004Mn;19604 materials prepared at different calcination

temperatures.
Sample Lattice parameter
l400 8.21934
Is00 8.22139
lsoo 8.22622
Ig00 8.22638

We can see that the lattice parameters increase with the increase of calcination temperature,
which indicates that the enhancement of reaction temperature is beneficial for the expansion of unit
cell [21]. In the cubic spinel LiMn,0,, Mn®*" and Mn** averagely occupy the octahedral 16d sites, Li*
ion and O locate at the tetrahedral 8a sites and 32e sites [22], respectively. Moreover, the radius of
Co** ion (10.0630 nm) approaches that of Mn ** lon (0.066 nm), which can be considered that Mn** is
substituted Co®" in the octahedral 16d sites. With the increase of the combustion temperatures, the
diffraction peaks of LiMn,0O, are much stronger and the full width at half-maximum (FWHM) present
narrower which indicate that appropriately increasing the reaction temperature can improve the
crystallinity of the materials [23-24] and then increase the unit cell of LiC0g04Mn1.9604.

3.2 Surface morphology

It can be observed from Fig. 2 that LiC0o0sMn16604 materials prepared at 400 °C, 500 °C are
exhibited an inhomogeneous distribution and serious agglomeration.
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Figure 2. SEM of LiCoo04Mn1604 materials prepared at different calcination temperatures (a:lsoo
b:|500 C:lg00 d:llsoo).

By contract, the SEM of the samples prepared at 600 °C and the two-stage calcination have an
analogous spherical structure and clearer particle interface implying that the increase of calcination
temperature can effectively promote the growth of grains, resulting in larger particle size and weaker
agglomeration, which also consistent with the XRD.

3.3 Galvanostatic Cycling
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Figure 3. Cycling performances of LiCog0Mny960, materials prepared at different calcination
temperatures at 0.2 C rate.

Fig.3 presents the cycling performances of LiC0g04Mn1.9604 Samples prepared by the liquid-
phase famless combustion at 400 °C, 500 °C and 600 °C for 3 h and two-stage calcination at 600°C for
3 h. The cells cycled at 0.2 C in the voltage range of 3.20 V-4.35 V. The initial and 60th discharge
capacity and capacity retention are summarized in Table. 2.



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

4049

Table 2. Initial, 60" discharge capacities and capacity retention of LiC0g04Mn; 6604 cathode materials.

discharge caplacity (mAhg

Sample ) Capacity retention
1SI 60th
1100 112.7 88.7 78.7%
Is00 123.9 91.9 74.2%
l60o 122.5 89.6 73.1%
Ie00 121.9 98.3 80.6%

It can be seen that the l400 Sample delivers a lower initial capacity of 112.7 mA h g'l. The Hggo
sample showed the highest capacity retention of 80.6% after 60 cycles at 0.2 C and its initial discharge
specific capacity is 121.9 mA h g*. The results showed that discharge specific capacity and

charging/discharging cycle efficiency of LiMn,O,4 can be improved by two-stage calcination.

3.4 Cyclic voltammetry
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Figure 4. Cyclic voltammetry of LiC004Mn19604 materials prepared at different calcination

temperatures.

Fig. 4 shows the cyclic voltammetry of LiCog04Mn; 9604 Samples prepared by the liquid-phase
famless combustion at 400°C, 500°C and 600°C for 3 h and two-stage calcination at 600°C for 3 h. The
cells cycled in the voltage range of 3.6 V— 4.5 V and at a scan rate of 0.05 mV s™. Two pairs of similar
redox peaks locate at about 4.07 V/3.95 V and 4.20 V/4.10 V observed in the CV curves for all
materials, which are corresponding to the two-stage intercalation/ deintercalation process of lithium in
spinel LiMn,04 [25-26]. The peak current and peak area of the l400 sample lower than other samples
and its two redox peaks are even less distinguishable. With the increase of the calcination
temperatures, the samples exhibit higher peak current and peak area. The llgo Sample shows a higher

peak and peak area, implying better electrochemical activity.
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3.5. Electrochemical impedance spectroscopy

-Z" [ ohm

(b)

Figure 5. (a) Nyquist plots of the LiCog04Mn1.9604 products after the 10 rate cycles, (b) Equivalent
circuit of EIS.

Fig. 5(a) presents the Nyquist plots of LiC0g04Mn;9504 samples prepared by the liquid-phase
famless combustion at 400 °C, 500 °C and 600 °C for 3 h and two-stage calcination at 600 °C for 3 h
after 10 charge—discharge cycles. The shapes of the Nyquist plots is similar, they are composed of a
semicircle in the middle-high frequency (Hz) region and a straight line in the low frequency region. In
the high frequency, an intercept value with the capacitive reactance at the Z real axis corresponding to
the ohmic resistance of the electrolyte solution (Rs). The semicircle reflects the charge transfer
resistance (R.;). Constant phase element (CPE) represents a non-ideal capacitance of double layer. The
straight line in the low frequency region represents Warburg impedance(W). The parameters of
impedance spectra were simulated by Zview software. Fig. 5(b) shows the equivalent and the detailed
fitting results shown in Table 3.

Table 3. The fitting values of electrochemical parameters obtained from EIS.

Sample l 400 I500 l 600 Is00
R(Q) 7982 3934 7.8 3.0
Ra(Q) 579.4 361.8 260.9 199

It is observed that the cell impendence is mainly attributed to Rc:. The llgoo Sample shows a
lowest R (199 Q), implying the lowest Kkinetic resistance for for lithium insertion and removal during
electrochemical reaction which leads to a faster reaction rate of lithium ions in the charge/discharge
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process [27]. Electrochemical impedance spectroscopy correspond with the other measurement, which
further prove the llgoo Sample have an excellent electrochemical performance .

4. CONCLUSIONS

The main crystalline phase of all LiCog04sMn;9504 materials prepared by the liquid-phase
fameless combustion synthesis was the single spinel LiMn,O,4. The crystallinity of the materials was
improved with the increase of the temperatures and the llgoo Sample had the best crystallization. l4g0
and Isoo samples were exhibited serious agglomeration but lggo and 1lge0 Showed an analogous spherical
structure with average particle size 200-300nm . It was showed that 400°Csample had a lower initial
discharge specific capacity of 112.7 mA h g™*. But all the Isgo, lsoo and llgoo materials revealed excellent
electrochemical performance with initial discharge specific capacity exceed 120 mAh g™ and the
I1600 material with a best capacity retention 80.6% after 60 cycles at 0.2 C. CV and EIS presented that
the electrochemical activity can be increased by the temperatures and the llgoo Sample showed an
excellent electrochemical activity .
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