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Abstract: In order to improve the cycle and rate performance of LiNi0.5Mn1.5O4, LiCr2YNi0.5−YMn1.5−YO4 (0≤Y≤0.15) particles were 
synthesized by the sucrose-aided combustion method. The effects of Cr doping in LiNi0.5Mn1.5O4 on the structures and 
electrochemical properties were investigated. The samples were characterized by X-ray diffractometry (XRD), scanning electron 
microscopy (SEM), cyclic voltammetry (CV), galvanostatic charge-discharge test and electrochemical impedance spectrum (EIS). 
The results indicate that the LiCr2YNi0.5−YMn1.5−YO4 possess a spinel structure and small particle size, and LiCr0.2Ni0.4Mn1.4O4 exhibits 
the best cyclic and rate performance. It can deliver discharge capacities of 143 and 104 mA·h/g at 1C and 10C, respectively, with 
good capacity retention of 96.5% at 1C after 50 cycles. 
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1 Introduction 
 

Recently, the spinel material LiNi0.5Mn1.5O4 has 
been intensively studied because of its low cost, low 
toxicity, abundant raw materials and good 
electrochemical performance [1−4]. It becomes the 3rd 
generation lithium-ion cathode material [5] after LiCoO2, 
LiMn2O4 and LiFePO4. This material has especially 
attracted attention because of its high practical voltage of 
4.7 V. The high working voltage can lead to a high 
energy density, so the batteries with this material as 
cathode will produce a high energy output, which makes 
it the most attractive material for practical use [6]. 

However, it has been reported that the cycling 
behavior of spinel LiNi0.5Mn1.5O4 material is not 
satisfactory [7]. The structural and electrochemical 
properties of the LiNi0.5Mn1.5O4 could also be affected by 
the substitution of other metal ions. It will be promising 
if proper cation doping can be used in spinel 
LiNi0.5Mn1.5O4 to further improve its electrical 
conductivity. So far, some researches about doping 
elements such as Fe, Al, Ru, Cr and Ti have been 
reported [8]. Among them, Cr-doped material could be 
used in high rate lithium-ion batteries due to the super 

cycling performance at high rates [9−12]. 
In this study, the effects of doping Cr content on the 

performance of LiNi0.5Mn1.5O4 cathode material were 
studied. Several Cr-doped samples with general formula 
LiCr2YNi0.5−YMn1.5−YO4 (0≤Y≤0.15) were synthesized by 
combustion method. And a small particle size and a high 
rate capacity were expected for these cathode materials. 
 
2 Experimental 
 

The high-voltage spinel LiCr2YNi0.5−YMn1.5−YO4(Y=0, 
0.05, 0.1 and 0.15) was synthesized by the sucrose-aided 
combustion method. Stoichiometric amounts of LiNO3, 
Cr(NO3)3·9H2O, Ni(NO3)2·4H2O and Mn(CH3COO)2· 
4H2O (Changzheng Chemical, Chengdu) were used as 
starting materials, and sucrose(mole ratio of sucrose to 
the product being 1:1) as fuel. In order to compensate for 
the loss of Li during heating at high reaction 
temperatures, approximately 5% of additional Li salt was 
made up. At first, the starting materials were dissolved in 
distilled water and stirred for some time. After being 
dissolved in the minimum amount of distilled water, 
sucrose was added to the mixed solution. The mixed 
solution was evaporated for a while until the water   
was removed as far as possible at 100 °C. Then the mass  
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was transferred to an oven at 150 °C for removing some 
of volatile. The precursors were first calcined at 500 °C 
for 1 h, and cooled down to room temperature. Then the 
intermediate products were ground in an agate and 
sintered at 900 °C for 1 h in air, and the heating/cooling 
rate was 2 °C/min. 

Powder X-ray diffraction (Philips) using Cu Kα 

radiation was used to identify the crystalline phase of the 
materials. The particle size and morphology were studied 
by a scanning electron microscope (JSM−5900LV, 
JEOL). 

The electrochemical properties of the 
LiCr2YNi0.5−YMn1.5−YO4 were tested by lithium half-cell. 
The cathode was prepared by casting the slurry of 72% 
active material, 20% acetylene black, and 8% PVDF 
binder in NMP on an aluminum foil, and drying at 80 °C 
overnight. CR2032 coin cells were assembled with Li 
metal foil as anode and 1 mol/L LiPF6 in EC: DMC (1:1 
in volume ratio) as electrolyte in an argon glove box. The 
cells were galvanostatically cycled on a multi-channel 
battery cycler (Neware, Shenzhen, China) in the range of 
3.4−5.2 V. All the tests were carried out at room 
temperature. The cyclic voltammetry (CV) tests and 
electrochemical impedance spectroscopy (EIS) were 
performed on an electrochemical workstation 
(CHI660B). 
 
3 Results and discussion 
 
3.1 Structural and morphological characterization 

The XRD patterns of the spinel powders are shown 
in Fig. 1. It can be clearly observed from the four 
samples that the diffraction peaks are sharp and the 
half-peak width is narrow, indicating that they have high 
degree of crystallinity. The results reveal that the spinel 
structure was well maintained and there were no 
impurity phases such as NiO and LixNi1−xO, which were 
reported in Refs. [13,14]. The structures are assigned to 
either face-centered spinel (Fd3m) or primitive simple 
cubic crystal (P4332) which depends on the ordering of 
transition metal cations. For P4332 space group, the Ni2+ 
and Mn4+ transition metals occupy the 4a and 12d lattice 
positions, respectively. The oxygen ions occupy the 24e 
and 8c positions, while the lithium ions are located in the 
8c sites. For Fd3m space group, the lithium ions are 
located in tetrahedral 8a sites and transition metal 
elements fill the 16d octahedral sites. 
LiCr2YNi0.5−YMn1.5−YO4 with disordered Fd3m shows 
better rate-ability than ordered P4332 spinels due to the 
higher electronic and ionic conductivities [15,16]. 
However, the structure difference between these two 
space groups can hardly be observed by XRD. In the 

Fd3m space group, there are both Mn3+ and Mn4+,while 
in the P4332 space group, all Mn ions are Mn4+ [17]. The 
voltage plateau at about 4 V resulted from Mn3+/Mn4+ in 
the subsequent charge–discharge curves indicates the 
presence of Mn3+. So, it can be concluded that the 
as-prepared materials have a cubic spinel structure with 
Fd3m space group. 
 

 

Fig. 1 XRD patterns of LiNi0.5Mn1.5O4 (a), 
LiCr0.1Ni0.45Mn1.45O4 (b), LiCr0.2Ni0.4Mn1.4O4 (c) and 
LiCr0.3Ni0.35Mn1.35O4 (d) 

 
The lattice parameters for samples shown in    

Figs. 1(a), (b), (c) and (d) are 8.2083, 8.1966, 8.1927 and 
8.2098 Å, respectively. The ion radii for Mn4+, Ni2+ and 
Cr3+ are 0.6, 0.69 and 0.63 Å, respectively. So, when 
LiNi0.5Mn1.5O4 is doped with appropriate Cr, the Mn and 
Ni ions of unit cell are replaced partially by Cr3+, 
resulting in the shrinkage of unit cell and volume 
decrease. But when Cr is excessive, some extra Cr3+ may 
replace the position of Mn4+ instead of Ni2+, making the 
lattice parameter increase. The smaller crystal parameter 
contributes to the more stable crystal structure of 
material, and cycling and rate performance of the 
materials and expected to be improved obviously. 

Figure 2 shows the SEM images of the 
LiNi0.5Mn1.5O4 and the Cr-doped samples. Smaller 
particles can shorten the diffusion pathway of lithium ion 
in charge−discharge test. It can be observed that the 
particle morphologies of these samples are almost the 
same angular spinel shape. All samples present the 
similar submicron size particles, which could explain 
that sucrose plays a role in mixing solution more uniform 
and separating the particles at the mixed stage of raw 
materials so as to make dried precursor particles much 
finer. In addition, the steric hindrance effect formed 
among grains by released gases during the   
combustion can prevent the excessive growth of particle 
size [18]. 
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Fig. 2 SEM images of samples LiNi0.5Mn1.5O4 (a), LiCr0.1Ni0.45Mn1.45O4 (b), LiCr0.2Ni0.4Mn1.4O4 (c) and LiCr0.3Ni0.35Mn1.35O4 (d) 
 
3.2 Electrochemical properties 

Figure 3 shows the cyclic voltammograms (CV) of 
the LiNi0.5Mn1.5O4 and the Cr-doped samples in the 
voltage ranging from 3.4 to 5.2 V with a scan rate of 0.1 
mV/s. All the four samples show three well-defined 
peaks at about 4.0, 4.6 and 4.7 V in discharge, which 
correspond to Mn3+/Mn4+, Ni2+/Ni3+ and Ni3+/Ni4+ redox 
couples, but for the Cr-doped samples (curves (b), (c) 
 

 
Fig. 3 Cyclic voltammograms of LiNi0.5Mn1.5O4 (a), 
LiCr0.1Ni0.45Mn1.45O4 (b), LiCr0.2Ni0.4Mn1.4O4 (c) and 
LiCr0.3Ni0.35Mn1.35O4 (d) 

and (d), there are extra peaks at around 4.9 V, which are 
assigned to Cr3+/Cr4+ redox couple. Furthermore, when 
Cr-content is as high as 0.3, the intensity of peak at 4.9 V 
is the strongest. Meanwhile, the intensities of peaks at 
4.6 and 4.7 V are the weakest due to the reduction of Ni 
and Mn contents. So, the CV curves match the samples 
with different formulas very well. 

Figure 4 shows the 2nd charge-discharge cyclic 
curves of the LiNi0.5Mn1.5O4 and the Cr-doped samples in 
the voltage ranging from 3.4 to 5.2 V. Charge−discharge 
tests were carried out at 0.5C and 1C rates, respectively. 
It can be found that there are about three discharge 
plateaus in all the four samples except for LiNi0.5Mn1.5O4. 
The first plateau is at about 4.0 V, and ascribed to 
Mn3+/Mn4+ redox reaction. Two other plateaus are at 
about 4.7 and 4.9 V, and are assigned to Ni2+/Ni4+ and 
Cr3+/Cr4+ redox couples. For Cr-free LiNi0.5Mn1.5O4 

sample, its initial discharge plateau is lower than other 
three Cr-doped samples, which is consistent with the CV 
results. 

Figure 5 demonstrates the discharge capacity of the 
samples at different C-rate after 2 cycles. The 
LiCr0.2Ni0.4Mn1.4O4 spinel presents the best 
electrochemical performance, and it can deliver a 
capacity of 143 mA·h/g at 1C rate. LiNi0.5Mn1.5O4, 
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LiCr0.1Ni0.45Mn1.45O4 and LiCr0.3Ni0.35Mn1.35O4 have 
lower capacities of about 127, 129 and 127 mA·h/g, 
respectively. The sample LiCr0.2Ni0.4Mn1.4O4 gives a 
good cyclic and rate performance, with the discharge 
capacity slightly decreasing from 143 to 138 mA·h/g 

after 50 cycles, and the capacity retention is 96.5%. 
When the discharge rate reaches 10C, the 
LiCr0.2Ni0.4Mn1.4O4 material can still deliver a capacity of 
104 mA·h/g, the highest capacity among all the four 
samples. 

 

 
Fig. 4 The 2nd charge−discharge profiles of cells made of 
LiNi0.5Mn1.5O4 (a), LiCr0.1Ni0.45Mn1.45O4 (b), LiCr0.2Ni0.4Mn1.4- 

O4 (c) and LiCr0.3Ni0.35Mn1.35O4 (d) 
 

 
Fig. 5 Rate performance of LiNi0.5Mn1.5O4 and Cr-doped 
spinels at various rates 

 
It is known to all that the bonding energy of Cr—O 

is stronger than that of Mn—O or Ni—O. The stronger 
Cr—O bond is in favor of maintaining the spinel 
structure during cycling, and then prevents the structural 
disintegration of the material [19]. However, the 
presence of Mn3+ would tend to cause Mn dissolution 
and hence capacity fade. Cr doping stabilizes the crystal 
structure and tends to suppress the Mn dissolution. When 
Cr content is excessive, the structure might be changed a 
lot. And for this experiment, LiCr0.2Ni0.4Mn1.4O4 reveals 

the best rate performance at different discharge rates. 
Electrochemical impedance spectrum (EIS) for the 

discharged cell was measured in the frequency ranging 
from 100 kHz to 10 MHz. As shown in Fig. 6, all spectra 
consist of a semicircle in the high frequency range and a 
sloping line at the low frequency range, being ascribed to 
the charge transfer resistance resulting from electrode 
reaction and the Warburg impedance caused by diffusion 
of lithium ion. An equivalent circuit model of EIS is 
constructed to analyze the resistance of 
LiCr2YNi0.5−YMn1.5−YO4 electrode which can explain the 
impedance spectra through the surface resistance (Rs) and 
charge transfer resistance (Rct). The fitting results are 
summarized in Table 1. As can be seen from Table 1, Rs 
of the four samples is nearly the same, but the charge 
transfer resistance for LiCr0.2Ni0.4Mn1.4O4 is only 189 Ω, 
indicating that its electrochemical polarization is the 
lowest and this kind of material has high electronic 
conductivity, which contributes to improving the cyclic 
and rate performance of the product, and it turns out that 
LiCr0.2Ni0.4Mn1.4O4 has the optimum electrochemical 
performance among all the four samples. 
 

 
Fig. 6 EIS of LiNi0.5Mn1.5O4 and Cr-doped spinel electrodes 
after 50 cycles at 1C (The inset graph is magnified EIS below 
800 Ω framed in rectangle; point stands for initial data and line 
means fitting curve) 
 
Table 1 Impedance parameters calculated from equivalent 
circuit 

Sample Rs/Ω Rct/Ω 
LiNi0.5Mn1.5O4 3.1575 685 

LiCr0.1Ni0.45Mn1.45O4 3.2623 299 

LiCr0.2Ni0.4Mn1.4O4 3.5643 189 

LiCr0.3Ni0.35Mn1.35O4 3.2896 249 

 
4 Conclusions 
 

LiNi0.5Mn1.5O4 and Cr-doped LiCr2YNi0.5−YMn1.5−YO4 
(0≤Y≤0.15) were synthesized by the sucrose-aided 
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combustion method. The as-prepared products have 
cubic spinel structures with Fd3m space group. Sample 
LiCr0.2Ni0.4Mn1.4O4 exhibits the best cyclic and rate 
performance. It can deliver discharge capacities of 143 
and 104 mA·h/g at 1C and 10C, respectively, with good 
capacity retention of 96.5% at 1C after 50 cycles. This 
preparation method is easy to be implemented in 
industrial production because of its simple steps, short 
synthesis time and low energy consumption. 
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掺铬对 LiNi0.5Mn1.5O4正极材料性能的影响 
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摘  要：为了改善 LiNi0.5Mn1.5O4 材料的循环和倍率性能，以蔗糖为助燃剂合成 LiCr2YNi0.5−YMn1.5−YO4(0≤Y≤0.15)

颗粒，并研究掺铬对 LiNi0.5Mn1.5O4结构和电化学性能的影响。通过 X 射线衍射(XRD)、扫描电镜(SEM)、循环伏

安(CV)、恒电流充放电测试和交流阻抗谱(EIS)对样品进行表征。结果表明，所制备材料呈现尖晶石结构并具有小

颗粒尺寸，LiCr0.2Ni0.4Mn1.4O4 表现出最佳的循环和倍率性能，在 1C 和 10C 倍率下的放电比容量分别为 143 和 104 

mA·h/g，并且在 1C 倍率下循环 50 次后仍具有 96.5%的容量保持率。 

关键词：锂离子电池；正极材料；尖晶石；掺铬；锂镍锰氧化物 
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