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A highly dispersed flaky LiNi0.5Mn1.5O4 has been successfully prepared using one-step filter paper 

assisted templated method. The phase structures of the products were investigated by X-ray powder 

diffraction (XRD) and infrared spectroscopy (FT-IR) techniques. The micro morphologies of the 

products were observed by scanning electron microscopy (SEM). The electrochemical performances 

were studied by galvanostatic charge-discharge testing, cyclic voltammetry(CV) and electrochemical 

impedance spectroscopy (EIS). The results show that both of the LiNi0.5Mn1.5O4  prepared by filter 

paper assisted templated method (LNMO-FP) and the non-templated LiNi0.5Mn1.5O4 (LNMO) exhibit a 

high degree of ordered space group. The LNMO-FP shows a thin flake micro morphology, which 

consists of highly dispersed and well crystallined grains. In contrast, the LNMO sample dispays a 

badly agglomerate morphology. Moreover, the electrochemical performances of the LNMO-FP are 

obviously improved compared with the LNMO including both cycling stability and rate capability. It is 

because that the LNMO-FP sample has higher crystallinity, larger diffusion coefficients of Li
+
 and 

lower polarization.    
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1. INTRODUCTION 

Rechargeable lithium ion batteries are considered as promising energy storage devices for 

electronic devices as well as electric vehicles(EV) and hybrid electric vehicles(HEV) due to their high 

energy density, high power density, superior safety, long cycle life, and so on[1,2]. The spinel 

LiNi0.5Mn1.5O4 has been regarded as a particularly attractive cathode material for lithium ion batteries 

because of its high operating voltage, high specific energy, fast Li
+
 diffusion within the three-
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dimensional spinel lattices, low cost as well as good cycling performance and environment-friendliness 

[3-5]. However, the performances of LiNi0.5Mn1.5O4 need to be further improved substantially 

especially rate capability in order to meet the more demanding requirements of these large energy 

storage systems of EVs and HEVs. It is because that lithium ion batteries need to work at large current 

densities, for example fast charging and fast discharging [6]. It has been proved that electrode 

materials with nanostructure and good dispersivity have excellent rate performances[7-9]. 

LiNi0.5Mn1.5O4 materials possessing nanostructures such as nanoplates, nanofibers and nanorods have 

been reported as excellent materials with good rate performance. Yang’s group[10] successfully 

synthesized LiNi0.5Mn1.5O4 nanoplates using two-step technique including a hydrothermal method and 

a solid-state reaction. The as-prepared LNMO nanoplates delivered a high specific discharge capacity 

of 134mAh/g at 15C rate and 120.9mAh/g at 40C rate, respectively. It is because that the nanoplate 

structure can shorten the diffusion path of Li
+
 and promote the fast charge-discharge properties. Arun’s 

group [11] prepared LiNi0.5Mn1.5O4 nanofibers via a spinneret electro-spinning method. The cycling 

performance and rate capability had been markedly improved. The capacity retention was about 86% 

for initial reversible capacity with an operating potential of 2.8V. LiNi0.5Mn1.5O4 porous nanorods 

were prepared via morphology-inheritance route reported by Zhang’s group[9]. The porous nanorods 

of LiNi0.5Mn1.5O4 exhibited specific capacities of 140 mAh/g at 1C and 109 mAh/g and 20C. The 

capacity retention of 91% was sustained after 500 cycles at 5C. In our previous studies, porous 

LiNi0.5Mn1.5O4 materials were synthesized by one step templated method using corn stalk or pine wood 

as bio-templates and they both displayed significant improved performance including cycling stability, 

rate capacity and specific capacity compared with the non-templated products [12,13].  

In this paper, filter paper was used as a new template to synthesize LiNi0.5Mn1.5O4. As the 

template, filter paper could be easily removed during the high-temperature calcination, and no 

additional processing was needed. Because of the limitation of the filter paper during the formation of 

the materials, the as-prepared LiNi0.5Mn1.5O4 shows a thin flake micro morphology. The grains of the 

product are small and highly dispersed. It means that the product can obtain good rate capability. 

Hereinafter the electrochemical performances of the products would be investigated in details. 

 

2. EXPERIMENTAL 

2.1 Synthesis 

The raw materials of LiNO3, CH3COOLi, Ni(NO3)2, (CH3COO)2Ni, Mn(NO3)2 and 

(CH3COO)2Mn with the mole ratio of 0.5:0.5:0.25:0.25:0.75:0.75 were dissolved in proper distilled 

water to form uniform green solution with a metal concentration of 3mol/L. The filter papers working 

as template were firstly cut to small tablets and dried. Then the filter paper tablets were immersed into 

above mentioned solution for 10min and then taken out. And then, the filter paper with soaking 

solution was first dried at 150
o
C for 2h and then calcined at 700

 o
C for 12h in a muffle furnace. The 

product was cooled down to room temperature in the furnace and marked as LNMO-FP. The treatment 

processes above all were conducted in air atmosphere. The samples were marked as LNMO obtained 

from the raw materials solution directly, which treated at the same conditions for comparison.  

 

http://dict.cnki.net/dict_result.aspx?searchword=%e6%a0%87%e8%ae%b0%e4%b8%ba&tjType=sentence&style=&t=marked+as
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2.2 Characterization  

Powder X-ray diffraction (XRD, PANalytical X’pert pro, Cu-Kα radiation) and Fourier 

transformed infrared spectroscopy(FT-IR, PerkinElmer, with KBr pellets) were used to characterize 

the structures of the LNMO-FP and LNMO samples. Field emission scanning electron microscopy 

(SEM, FEI Quanta FEG 250) was employed to observe the morphologies of the samples. 

 

2.3 Electrochemical performance test 

The electrochemical properties were characterized by using CR2032-type coin cells which 

were assembled in a high purity argon-filled glove box. The cathode electrodes contained about 

80wt.% active material, 10wt.% carbon black and 10wt.% polyvinylidene difluoride(PVDF). The 

anode electrode is Li metal foil. Porous Celgard 2400 polyethylene membrane was used to as the 

separator. The electrolyte was 1M LiPF6 in a mixed solution of ethylene carbonate(EC) and dimethyl 

carbonate(DEC) with a weight ratio of 1:1.  

The cells were galvanostatically charged and discharged at different discharge rates (0.5C, 1C, 

2C, 5C and 10C) with a voltage range from 3.5V to 5.0V. And here, 1C=150mA/g. Cyclic 

voltammogram(CV) measurements were performed using an electrochemical workstation(CHI 660) at 

different scan rates from 0.1 to 0.3mV/s. And the voltages of galvanostatically charged and discharged 

were between 3.5V and 5.0V. Electrochemical impedance spectroscopy (EIS) tests were measured 

using the CHI 660 type electrochemical workstation. The frequency range was from 0.1Hz to 100 kHz 

and the amplitude of ac voltage was 5mV. Except for high temperature tests, all the other tests were 

conducted at room temperature.  

 

3. RESULTS AND DISCUSSION 

3.1 Phase structure 
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Figure 1. (a) XRD patterns and (b) FT-IR spectra of LNMO-FP and LNMO 
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Fig. 1(a) shows the XRD patterns of LNMO-FP and LNMO samples. As shown, the results 

display that the samples are both pure well-defined cubic spinels. And no traces of impurity phases 

were observed. In the both products, there are two type phase structures of LiNi0.5Mn1.5O4 spinel, 

ordered P4332 and disordered Fd-3m, which also were reported by other researchers [14,15]. However, 

XRD is difficult to distinguish the structure ordering of the LiNi0.5Mn1.5O4 material. FT-IR 

spectroscopy has been reported to be an effective method, which was used to differentiate the ordered 

versus disordered structures of LNMO cathodes[16-18]. The FT-IR spectra of LNMO-FP and LNMO 

products are shown in Fig. 1(b). As seen in Fig. 1(b), the intensity of Mn-O band at 619 cm
-1

 is much 

lower than that of Ni-O band at 585 cm
-1

, indicating that the LNMO-FP and LNMO samples mostly 

consists of ordered (P4332) phase with a very small amount of disordered(Fd-3m) phase[19,20]. 

 

3.2 Morphology 

  

  

  
 

      Figure. 2 SEM(a-d) images of LNMO-FP, and SEM(e and f) images of LNMO 
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  Fig. 2 gives the SEM micrographs of LNMO-FP(a-d) and LNMO(e and f). Apparently, the 

LNMO-FP sample exhibits thin flake-like aspect. It can be seen from the high magnifying power SEM 

image that the flake is composed of highly dispersed grains. The grains show typical spinel octahedral 

aspect, indicating that the product is well crystallined. In contrast, the LNMO sample displays 

agglomerated bulk morphologies and the grain growth is imperfect. 

 

3.3 Electrochemical performance 
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Figure 3. (a) Initial discharge curves for LNMO-FP and LNMO and (b) Cycling performance of 

LNMO-FP and LNMO at 1C and at 25℃ 
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Figure 4. (a)The rate capabilities, (b) capacity retentions, (c and d) discharge profiles at various C 

rates of LNMO-FP and LNMO at 25℃ 
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The initial discharge curve and cycling performance of LNMO-FP and LNMO samples at 1C 

rate and at room temperature are given in Fig. 3. From Fig. 3(a), it shows that the initial discharge 

specific capacities of LNMO-FP and LNMO are 134mAh/g and 136mAh/g, respectively. The 4.7V 

potential plateau of LNMO-FP is higher than that of LNMO, indicating that the LNMO-FP sample has 

a smaller polarization. At the same time, the potential plateaus at 4.0V of LNMO-FP and LNMO are 

both small, revealing that both of the samples have high degree of structure ordering, which is 

accordance with the FT-IR results above. The same conclusions were also found by Y.C. Jin [21].     

Fig. 3(b) contrasts the cycling stability of LNMO-FP and LNMO samples. The LNMO-FP sample 

delivers the remarkable capacity retention of 90.4% after 150 cycles, while the pristine LNMO sample 

delivers a capacity retention of only 79.5%. This indicates that the cycling performance is significantly 

improved by the LNMO-FP sample. Compared with LiNi0.5Mn1.5O4 prepared by the 

thermopolymerization method[22] and the improved solid-state method[23], the cycle stability of the 

LNMO-FP is also superior. The comparison of the cycle performance at room temperature is 

summarized in Table 1. 

 

Table 1.  Comparison of the cycle performance at room temperature 

Literatures Samples 
The capacity 

retention/% 

Testing 

conditions 

Our research LNMO-FP 90.4 1C, 150
th

 cycle 

Reference[22] LiNi0.5Mn1.5O4 89.23 1C, 100
th

 cycle 

Reference[23] LiNi0.5Mn1.5O4 81.33 0.2C, 100
th

 cycle 

 

In Fig. 4(a), the rate capabilities of LNMO-FP and LNMO samples are compared. The samples 

were charged at 0.5C and discharged at different C rates of 0.5C, 1C, 2C, 5C and 10C, and then back 

to 1C. As shown, the capacities of the two samples decrease with the increase of discharge rate 

because of electrode polarization. However, the decreasing trend has been obviously reduced in the 

LNMO-FP sample. Fig. 4(b) shows the capacity retentions of LNMO-FP and LNMO samples at 

different rates compared with the capacity at 0.5C, which is taken as 100%. It is evident that the rate 

capability of LNMO-FP is better. The possible reason is that LNMO-FP has a highly dispersed flake-

like structure with abundant porous structure and high active surface area, which is benefit for the 

diffusion of the Li
+
 ions in the electrodes[24]. The galvanostatic discharge profiles of LNMO-FP and 

LNMO samples at different rates are provided in Fig. 4(c and d).  With the increasing of rate, the 

LNMO sample shows a bigger voltage drop and a bigger capacity decrease than these of the LNMO-

FP sample. At 10C, the operating discharge voltage of LNMO is lower than 4.3V and the capacity is 

only about 90 mAh/g. But the LNMO-FP spinels demonstrate a higher discharge voltage of 4.5V and 

much higher capacity of about 100mAh/g at the rate of 10C. The rate performance of LNMO-FP is 

also superior to many other LiNi0.5Mn1.5O4 and porous materials reported previously [24-26]. The 

comparison of the discharge capacity at high rate is displayed in Table 2. 

javascript:showjdsw('showjd_0','j_0')
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Table 2.  Comparison of the Discharge Capacity at High Rate  

Literatures Samples 
The discharge 

capacity/(mAh/g) 

Testing 

conditions 

Our research LNMO-FP 110 10C 

Reference[24] Porous LiMn2O4 90 10C 

Reference[25] 5% Na-LNMO 101 10C 

Reference[26] LiMn1.45Cr0.1Ni0.45O4 40 5C 
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 Figure 5. (a) Cycling performance of LNMO-FP and LNMO at 10C and at 25℃ and (b) at 1C and at 

55℃ 

 

The cycling performance at high rate and at elevated temperature is both significant 

considering parameters for lithium ion batteries in practical application. Fig. 5(a) shows the cycling 

stability of the LNMO-FP and LNMO samples at 10C discharge rate (charged at 0.5C). From Fig. 5(a), 

it is notable that the LNMO-FP sample delivers capacity retention of 92.6% after 100 cycles, 

exhibiting the excellent cycle performance at high rate. In contrast, the LNMO sample exhibits poor 

cycle stability at high rate, which can only retain 84.1% of the initial discharge capacity. Fig. 5(b) 

displays the cycling stability of LNMO-FP and LNMO at 55
o
C at 1C. In Fig. 5(b), the LNMO-FP 

displays a significant improved cycling performance at 55
o
C. The capacity retention of the LNMO-FP 

sample is still up to 82.1% after 100 cycles at 55
 o

C. However, the capacity of the LNMO sample 

decreases rapidly and only retains 68.2% after 100 cycles at the same temperature.  
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Figure 6. (a and b) Cyclic voltammograms of LNMO-FP and LNMO at different scan rates from 

0.10mV/s to 0.30mV/s, (c) the plotting of peak current vs. square root of the scan rate for 

LNMO-FP and LNMO samples and (d) EIS spectra of LNMO-FP and LNMO samples in the 

frequency range from 0.1Hz to 100kHz 

 

In order to better interpret the reason for the excellent electrochemical performance of the 

LNMO-FP samples, the cyclic voltammograms(CV) tests are performed. Fig. 6(a) and Fig. 6(b) show 

the CV curves of the two samples at the scanning rate from 0.10mV/s to 0.30mV/s. The two samples 

both possess a sharp oxidation/reduction peak of Ni
2+

/Ni
4+

 around 4.7 and a very small 

oxidation/reduction peak of Mn
3+

/Mn
4+

 around 4.0V, indicating that the two samples both have high 

degree of structural ordering. Meanwhile, the peak position and shape changes of LNMO-FP are very 

small with increasing scanning rate, suggesting that the sample has a low polarization. It is reported 

that the CV test technique can be used to study the diffusion coefficients of Li
+
(DLi) in solid LNMO 

electrodes [27]. It shows a positive proportional relationship between CV peak current and the square 

root of the sweep rate. And DLi can be calculated from Equation(1) at room temperature.  

2
1

2
1

2
3

51069.2 LiLip DACni 
  
(Eq.1) 

In where, Ip is the peak current(A), n is the number of electrons per reaction species (for 

lithium-ion, n=1), A is the electrode area (2 cm
2
 in this study) and CLi is the bulk concentration of Li

+
 

in the electrode (given as 0.02378 mol/cm
3
) [28]. 

The ip vs. the square root of the scan rates (v
1/2

) of the LNMO-FP and LNMO samples are 

presented in Fig. 6(c). DLi can be calculated for the slop of Ip vs v
1/2

 plots according to Eq.1. The DLi of 

the LNMO-FP electrode and the LNMO electrode are 1.67 × 10
-11

cm
2
/s and 8.75 × 10

-12
cm

2
/s, 
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respectively. The DLi value of the LNMO-FP sample is about twice that of the LNMO sample. It is a 

possible reason that the LNMO-FP has better rate capability than the LNMO.    

  Fig. 6(d) compares the EIS spectra of the two samples at open-circuit voltage. The EIS spectra 

exhibit the same profile composed by a depressed semicircle and an inclined line at high-to-middle 

frequency part and at low frequency part, respectively. The intercept at the Z’ axis is the electrolyte 

resistance (Rs). The semicircle assigns  to the charge transfer resistance (Rct) and the lithium-ion 

migration resistance (Rf) through the multilayer surface films. And its value can be determined from 

the diameter of the semicircle[29,30]. From Fig. 6(d) we can see that, the Rct and Rf of the LNMO-FP 

sample are much smaller than those of the LNMO sample, suggesting that the LNMO-FP has faster 

lithium insertion/extraction kinetics than the LNMO. It is another possible reason that the LNMO-FP 

has better rate capability than the LNMO. 

 

 

4. CONCLUSIONS 

In the work, a highly dispersed flaky LiNi0.5Mn1.5O4 has been successfully synthesized using a 

one-step filter paper assisted templated method. The LNMO-FP sample shows better cycling stability, 

better rate capability at high rate and better cycle performance at elevated temperature than those of the 

LNMO sample. The capacity retention of the LNMO-FP sample is up to 90.4% after 150 cycles at 

room temperature at 1C rate, while the capacity retention of the LNMO sample is only 79.5%. Even at 

10C rate, the specific capacity of LNMO-FP is about 100mAh/g and can retain 92.6% after 100 cycles, 

while the specific capacity and the capacity retention of LNMO at 10C are only 90mAh/g and 84.1%, 

respectively. Moreover, the capacity retention of the LNMO-FP sample is over 82.1% at 55℃ after 

100 cycles, but the LNMO product is only 68.2% at the same condition. 
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