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The xLi2MnO3·(1-x)Li4Mn5O12 (x = 1, 0.5, 0.3, 0) composite cathode powders are prepared by spray 

pyrolysis. The composite powders before and after post-treatment at 600
o
C have fine size and 

aggregated spherical morphologies of the nanometer-sized primary particles irrespective of the 

compositions of the cathode powders. The initial discharge capacity of the Li2MnO3 component is 258 

mAh g
−1

, in which the Coulombic efficiency is 85%. The discharge capacity of the Li2MnO3 powders 

drops from 258 to 115 after 10 cycles. The initial discharge capacities of xLi2MnO3·(1-x)Li4Mn5O12 

composite powders are 225 ,219 and 211 mAh g
−1

 when the x values are 0.5 ,0.3 and 0. The capacity 

retentions of the composite powders are 88, 90, and 83 % after 30 cycles when the x values are 0.5, 

0.3, and 0.  
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1. INTRODUCTION 

The spinel materials have been investigated as promising class of cathode materials because of 

their excellent rate capability, low cost, abundance, high safety, easily preparing and nontoxicity [1-9]. 

However, its application has been limited because of capacity fading at elevated temperatures and an 

innate low capacity at 4V [10]. Johnson et al. [11] introduced Li2MnO3-Li1+yMn2-yO4 spinel composite 

material, and it showed a high rechargeable capacity >250 mAh g
-1

 when cycled between 2 and 5 V. 

The effect of composition of the layered-spinel composite cathode powders prepared by solid state 

reaction method on the electrochemical properties was mainly investigated.  

The electrochemical properties of the composite cathode powders were strongly affected by the 

compositions of the cathode as well as the physical properties of the powders, such as mean size, 
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surface area, morphology, and crystallinity [12-15]. The preparation process of the composite cathode 

powders affects the physical properties of the powders [16-22]. In addition, the physical properties of 

the powders were affected by the composition of the composite cathode materials even at the same 

preparation process. Therefore, the effect of composition on physical and electrochemical properties of 

the composite cathode powders should be investigated in the same preparation process.  

Spray pyrolysis, a gas-phase reaction method, was profitable for the preparation of spinel 

LiMn2O4 cathode powders [23-25]. Although spray pyrolysis is easy to control the composition of the 

cathode materials and synthesize highly pure, fine-sized and spherical cathode powders [26-32], it has 

not been applied to the preparation of Li-rich spinel cathode powders. In this study, the xLi2MnO3·(1-

x)Li4Mn5O12 (x = 1, 0.5, 0.3, 0) composite cathode powders were prepared by spray pyrolysis. The 

effects of the ratio of Li2MnO3 and Li4Mn5O12 phases on the physical and electrochemical properties 

of the composite cathode powders were investigated. 

 

 

 

2. EXPERIMENTAL 

The spray pyrolysis process consisted of three parts; a six-pack ultrasonic spray generator 

operated at 1.7 MHz, a 1000-mm-long tubular quartz reactor of 50-mm ID, and a bag filter for 

collecting particles. The precursor solution was prepared by dissolving a stoichiometric amount of 

lithium nitrate (98%, Junsei) and manganese nitrate hexahydrate (97%, Junsei) in distilled water. The 

overall concentration of the Li and Mn components in the solution was 0.5 M. The powders were 

obtained by spray pyrolysis at 900◦C. The flow rate of air used as the carrier gas was fixed at 20 L min
-

1
. The precursor powders obtained by spray pyrolysis were post-treated in a box furnace at 600◦C.  

The crystal structures of the prepared cathode powders were investigated using X-ray 

diffractometry (XRD; RIGAKU DMAX-33) with Cu K  = 1.5418 Å) at the Korea Basic 

Science Institute (Daegu). The morphological characteristics of the powders were investigated using 

scanning electron microscopy (SEM; JEOL, JSM-6060). The cathode electrode was prepared from a 

mixture containing 20 mg of xLi2MnO3·(1-x)Li4Mn5O12 and 12 mg of TAB (TAB is a mixture of 9.6 

mg of teflonized acetylene black and 2.4 mg of a binder). Lithium metal and a polypropylene film 

were used as the counter electrode and the separator, respectively. The electrolyte was 1 M LiPF6 in a 

1:1 mixture by volume of ethylene carbonate (EC)/dimethyl carbonate (DMC). The cell was assembled 

in a glove box in an argon atmosphere.  

 

 

 

3. RESULT AND DISCUSSION 

The morphologies of the precursor powders obtained by spray pyrolysis according to the ratio 

of Li2MnO3 and Li4Mn5O12 are shown in Fig. 1. The precursor powders had aggregated spherical 

morphologies of the nanometer-sized primary particles irrespective of the compositions of the cathode 

powders. The precursor powders prepared directly by spray pyrolysis had poor electrochemical 

properties because of low crystallinity and phase inhomogeneity. Therefore, the precursor powders 
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were post-treated at various temperatures to improve the electrochemical properties of the cathode 

powders. The optimum post-treatment temperature of the composite cathode powders showing the 

good electrochemical properties was 600
o
C. Fig. 2 shows the SEM images of the xLi2MnO3·(1-

x)Li4Mn5O12 powders post-treated at 600
o
C. The morphologies of post-treated cathode powders were 

similar to those of the precursor powders in Figs. 1 and 2.  

The XRD patterns of the xLi2MnO3·(1-x)Li4Mn5O12 (x = 1, 0.5, 0.3, 0) powders post-treated at 

600
o
C are shown in Fig. 3. The pure Li2MnO3 have a monoclinic structure with a space group of C2/m, 

which structure is the same as that of R3m layered rock-salt structures [33]. The clear splitting of (135) 

and (060) peaks located at 2θ = 64.5◦ and 65.5◦, which indicates the degree of development of the 

monoclinic structure of Li2MnO3, was shown in the pure Li2MnO3 [33]. The pure Li4Mn5O12 powders 

had small impurity peaks of monoclinic Li2MnO3 at 2θ = 21◦ and 65.5◦ as shown by arrows in Fig. 

3(d). 

 

 
(a) 

 

 
(b) 
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Figure 1. SEM images of the precursor powders prepared by spray pyrolysis: (a) Li2MnO3; (b) 

0.5Li2MnO3-0.5Li4Mn5O12; (c) 0.3Li2MnO3-0.7Li4Mn5O12; (d) Li4Mn5O12. 

 

Slight decomposition of the spinel Li4Mn5O12 phase formed the impurity phase of Li2MnO3. 

The peak intensity of the monoclinic Li2MnO3 at 2θ = 21◦ and 65.5◦ increased when the x value 

increased from 0 to 1. According to increasing the amount of Li2MnO3 component, XRD patterns 

shifted to lower angles. 

Fig. 4 shows the initial charge-discharge curves of xLi2MnO3·(1-x)Li4Mn5O12 powders post-

treated at 600
o
C at a constant current density of 23 mA g

-1
 between 2.0 and 4.95 V at room 

temperature. The initial charge and discharge capacities of xLi2MnO3·(1-x)Li4Mn5O12 powders 

increased with increasing the amount of Li2MnO3 component. The initial charge and discharge 

capacities of pure Li2MnO3 powders were 302 and 258 mAh g
-1

, respectively. However, the values of 
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the pure Li4Mn5O12 powders were 68 and 211 mAh g
-1

, respectively. The Li2MnO3 component 

commonly shows no electrochemical reaction at low operating voltages [33]. However, the pure 

Li2MnO3 powders prepared by spray pyrolysis show high initial charge/discharge capacities in the first 

cycle. The prepared Li2MnO3 powders were activated and the two lithium ions were removed from 

Li2MnO3 with concomitant loss of oxygen resulting in the formation of Li2O and MnO2 at a high 

voltage, above 4.6 V, in the initial charge process [11,34]. The initial charge and discharge curves of 

the pure Li4Mn5O12 and xLi2MnO3·(1-x)Li4Mn5O12 composite powders showed the characteristics of 

the layered and spinel composite powders irrespective of the composition. The initial charge capacities 

of the composite powders increased from 68 to 116 mAh g
-1

 when the x value increased from 0 to 0.5.  

 

 
(a) 

 

 
(b) 
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(d) 

 

Figure 2. SEM images of the xLi2MnO3·(1-x)Li4Mn5O12 powders post-treated at 600
o
C: (a) Li2MnO3; 

(b) 0.5Li2MnO3-0.5Li4Mn5O12; (c) 0.3Li2MnO3-0.7Li4Mn5O12; (d) Li4Mn5O12. 

 

The composite powders had similar charge capacities due to the Mn
3+/4+

 redox reaction of the 

spinel component when they were initially charged to 4.5 V (about 35 mAh g
−1

). The small charge 

capacities of the powders below 4.5 V indicate that a small amount of Mn
3+ 

exists in the pure 

Li4Mn5O12 and Li2MnO3·Li4Mn5O12 composite powders [35]. The voltage plateaus in the initial charge 

curves near 4.75 V were attributed to the removal of Li2O from the layered Li2MnO3 component 

[11,34]. The initial discharge capacity of the Li2MnO3 component was 258 mAh g
−1

, in which the 

Coulombic efficiency was 85%. The pure Li2MnO3 had a low theoretical Coulombic efficiency [36]. 

However, the Li2MnO3 powders obtained by spray pyrolysis after post-treatment at 600
o
C had high 

Coulombic efficiency of 85% because some amount of Mn
3+ 

exists in the powders. The charge 
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capacity below 4.5 V due to the Mn
3+/4+

 redox reaction of the Li2MnO3 component was shown in Fig. 

4 (a). The Li2MnO3 component prepared by spray pyrolysis also had a layered-spinel composite 

structure. The initial discharge capacities of the xLi2MnO3·(1-x)Li4Mn5O12 composite powders slightly 

increased from 211 to 225 mAh g
−1

 when the x value increased from 0 to 0.5. The composite powders 

had high initial discharge capacities irrespective of the compositions.  
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Figure 3. XRD patterns of the powders post-treated at 600
o
C: (a) Li2MnO3; (b) 0.5Li2MnO3-

0.5Li4Mn5O12; (c) 0.3Li2MnO3-0.7Li4Mn5O12; (d) Li4Mn5O12. 
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Figure 4. First charge-discharge curves of the powders: (a) Li2MnO3; (b) 0.5Li2MnO3-0.5Li4Mn5O12; 

(c) 0.3Li2MnO3-0.7Li4Mn5O12; (d) Li4Mn5O12. 
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Figure 5. dQ/dV curves of the initial cycles of the powders: (a) Li2MnO3; (b) 0.5Li2MnO3-

0.5Li4Mn5O12; (c) 0.3Li2MnO3-0.7Li4Mn5O12; (d) Li4Mn5O12 post-treated at 600
o
C. 

 

The initial charge/discharge profiles of the prepared composite powders were similar to those 

of the Li4Mn5O12 powders prepared by solid state reaction at 400
o
C [11]. The lithium extraction and 

insertion mechanism in Li4Mn5O12 powders was described in the previous literature [37]. Fig. 5 shows 

the differential capacity versus voltage (dQ/dV) curves of the first cycles as shown in Fig. 4. 

xLi2MnO3·(1-x)Li4Mn5O12 powders had oxidation peaks at around 4.7 V, and the peak intensities 

increased with increasing the x values. It means that the removal of Li2O from Li2MnO3 phase to form 

the MnO2 component increased with increasing the x values. The cathode powders had reduction peaks 

below 3.5 V, which can be assigned to the redox-reaction of Mn
4+

/Mn
3+

 of spinel component, in the 

initial discharge curves irrespective of x values [38].  
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Figure 6. Cycling performance of the powders: (a) Li2MnO3; (b) 0.5Li2MnO3-0.5Li4Mn5O12; (c) 

0.3Li2MnO3-0.7Li4Mn5O12; (d) Li4Mn5O12. 
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Figure 7. dQ/dV curves according to the cycles of 0.5Li2MnO3-0.5Li4Mn5O12 powders post-treated at 

600
o
C. 
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Fig. 6 shows the cycle performances of xLi2MnO3·(1-x)Li4Mn5O12 composite powders post-

treated at 600
o
C at a constant current density of 23 mA g

-1
 between 2.0 and 4.95 V. Although the 

Li2MnO3 powders had high initial discharge capacity, it showed poor cycle performance. The pure 

Li2MnO3 powders prepared by solid state reaction method had also poor cycle performance [36]. The 

discharge capacity of the Li2MnO3 powders dropped from 258 to 115 after 10 cycles. In contrast, the 

composite powders with low x values below 0.5 showed good cycle performance.  

The discharge capacities of the pure Li4Mn5O12 and Li2MnO3·Li4Mn5O12 composite powders 

increased slightly during first 3 cycles, and then the capacity monotonically decreased during cycling 

[11]. The initial discharge capacities of xLi2MnO3·(1-x)Li4Mn5O12 composite powders were 225, 219, 

and 211 mAh g
−1

 when the x values were 0.5, 0.3, and 0.  The discharge capacities of those compounds 

after 30 cycles were 205, 201, and 183 mAh g
−1

, respectively. The capacity retentions of the composite 

powders were 89, 90, and 83 % when the x values were 0.5, 0.3, and 0. 

Fig. 7 shows the differential capacity vs. voltage (dQ/dV) curves of the 0.5Li2MnO3-

0.5Li4Mn5O12 composite powder post-treated at 600
o
C after various cycles. The oxidation peak near 

4.7 V was not observed in the dQ/dV curve of the second cycle. Gradual activation of inactive MnO2 

component formed from the Li2MnO3 in the first charging process to the active layered LiMnO2 or 

spinel LiMn2O4 components increased the discharge capacities of the pure Li4Mn5O12 and 

Li2MnO3·Li4Mn5O12 composite powders within 3 cycles as shown in Fig. 6. The dQ/dV curve of the 

0.5Li2MnO3-0.5Li4Mn5O12 composite powders after 30 cycles had the same shape to that of the pure 

spinel LiMn2O4 [33].  

 

 

 

4. CONCLUSIONS 

The layered-spinel xLi2MnO3·(1-x)Li4Mn5O12 composite cathode powders with various 

compositions are prepared by spray pyrolysis. The prepared and post-treated xLi2MnO3·(1-

x)Li4Mn5O12 powders have aggregated spherical morphologies of the nanometer-sized primary 

particles irrespective of the compositions of the cathode powders. The initial charge and discharge 

capacities of xLi2MnO3·(1-x)Li4Mn5O12 powders increase with increasing the amount of Li2MnO3 

component. Except the Li2MnO3, other powders have good cycle performances. It is indicated that 

although individual Li2MnO3 component have poor cycle performance, it can have enhanced the 

cycling stability of spinel components. The layered-spinel xLi2MnO3·(1-x)Li4Mn5O12 composite 

cathode powders prepared by spray pyrolysis have high initial discharge capacities and good cycle 

properties.  
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