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Modified LiNi0.5Mn1.5O4-based materials with Cr-doped (LiNi0.5Mn1.4Cr0.1O4) and additional lithium 

(Li1.1Ni0.5Mn1.4Cr0.1O4) have been synthesized by a solid-state method and their physicochemical and 

electrochemical performances have been investigated. The experimental results show that the Cr 

doping in LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4 suppresses the generation of Mn
3+

, decreases 

the polarization, improves the conductivity and optimizes the cyclic performance and rate stability 

compared to the pristine LiNi0.5Mn1.5O4. Besides, Li1.1Ni0.5Mn1.4Cr0.1O4 delivers a higher discharge 

capacity of 108 mAh g
−1

 for the first cycle and 99 mAh g
−1

 after 50 cycles, which is much better than 

LiNi0.5Mn1.4Cr0.1O4 and LiNi0.5Mn1.5O4. All these results show the vital role of the synergic effects 

between Cr
3+

 doping and additional lithium on the enhancement of electrochemical performance for 

LiNi0.5Mn1.5O4, which will guide the development of LiNi0.5Mn1.5O4-based cathode material in the 

future. 
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1. INTRODUCTION 

Future electric vehicles and other large electric power equipments require the development of 

large-scale high energy storage systems. Lithium-ion batteries (LIBs) are expected to be one of the 

most perspective candidates for this purpose due to their substantial features, such as high energy 

density, long lifespan, little self-discharge, memory-free effect and eco-friendly [1-4]. Cathode 

materials are an essential constituent in LIBs, however, the conventional LiCoO2 cathode suffers from 

high cost and structural instability caused by degradation or failure when overcharged, which will 

prevent the future application of LiCoO2 as a power battery cathode material [4-6]. To overcome these 

detrimental shortcomings and satisfy the increasing demands for large-scale energy storage, it is 

significant to develop novel high-performance cathode materials for LIBs. To date, spinel 
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LiNi0.5Mn1.5O4 has received enormous interests due to its high output voltage (4.7V vs Li/Li
+
), cost 

efficiency, environmental sustainable, low toxicity and rapid three-dimensional lithium-ion diffusion 

channels compared to the existing cathode materials [7-9].Unfortunately, the dissolution and Jahn-

Teller distortion of Mn
3+

, LiNi0.5Mn1.5O4 could give rise to a rapid capacity decay and inferior cyclic 

performance [10, 11].
 

So far, numerous research have been developed to overcome these obstacles, ranging from 

cation doping [12-16] and synthesize additional lithium materials [1] to approaches including 

nanosizing [17-19] and coating [20-22]. In this manuscript, we utilize Cr
3+

 as a dopant not only due to 

its radius is approximate to Ni
2+

 and Mn
4+

, but also the three electrons exist in its 3d energy level 

which retains less Jahn-Teller distortion [12]. In addition, Cr
3+

 diffuses into the LiNi0.5Mn1.5O4 lattice 

and partially substitute for Mn
4+

 ions that could result in an increase of the hole concentration in 

LiNi0.5Mn1.5O4, thus enhancing the electrical conductivity. In addition, a higher ratio of Li/Ni can 

produce an additional amount of lithium that could contribute to a larger capacity for LiNi0.5Mn1.5O4. 

Electrochemical investigations disclose that our materials exhibit a high reversible capacity, excellent 

cyclic performance and great rate capability. 

 

 

2. EXPERIMENTAL 

2.1. Synthesis of lithium-rich and Cr-doped Li1.1Ni0.5Mn1.4Cr0.1O4 

Li1.1Ni0.5Mn1.4Cr0.1O4 was synthesized by the traditional solid-state method. In brief, 1.03 g of 

Li2CO3, 0.94 g of NiO, 3.07 g of MnO2 and 0.19 g Cr2O3 with a molar ratio of Li/Ni/Mn/Cr = 

1.1/0.5/1.4/0.1 were milled homogeneously in an agate mortar. Then the homogeneous mixtures were 

annealed in air at 850 °C for 20h at a heating rate of 5 °C min
−1

. Subsequently, the resultant products 

were milled again to adjust the particle size of the coarse particles caused by the high-temperature 

calcination. For comparison, LiNi0.5Mn1.4Cr0.1O4 and pristine LiNi0.5Mn1.5O4 were also prepared in the 

same conditions, but with different Li/Ni/Mn/Cr ratio of 1/0.5/1.4/0.1 for LiNi0.5Mn1.4Cr0.1O4 and 

1/0.5/1.5/0 for LiNi0.5Mn1.5O4. 

 

2.2. Materials Characterizations 

The composition of each sample was calculate by Inductively coupled plasma (ICP) analysis on 

6500 analyzer (ThermoFisher). Structural and crystallographic analyses of these samples were 

recorded by X-ray diffraction (XRD) with Cu-Kα radiation (XˊPert PRO, PANalytical) ranging from 

10 to 80°. The particle size, morphology and elemental distribution of the products were examined by 

field emission scanning electron microscope (Ultra55, Zeiss) equipped with energy dispersive X-ray 

spectrometer (EDX). 
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2.3. Electrochemical Measurements 

The working electrodes were prepared by milled the mixture of 80 wt % active materials with 

10 wt % super P and 10 wt % polyvinylidene fluoride (PVDF) dissolved in N-methyl-2-pyrrolidone 

(NMP). Then this uniform slurry was coated onto aluminum foil and then dried at 120 °C for 24 h. 

Subsequently, these electrodes were cut into discs and assembled into CR2016 coin half cells in an Ar-

filled glove box with Li foil as the negative electrodes and polypropylene microporous film (Celgard 

2300) as the separators. The commercial electrolyte was brought from CAPCHEM in China. 

Galvanostatic charge and discharge measurement were operated on a LAND battery test system at 

0.1C (1C=147 mAh g
−1

) within the voltage of 3.5-5.0 V at room temperature. Electrochemical 

impedance spectroscopy (EIS) was performed on a CHI760C electrochemical station ranging from 

0.01 Hz to 100 KHz. 

 

 

 

3. RESULTS AND DISCUSSION 

To identify the exact chemical compositions of Ni, Mn and Cr in the obtained samples, ICP 

measurement was conducted. Table 1 indicates that the chemical compositions of these samples are 

consistent with the stoichiometric ratio as designed. The XRD pattern of LiNi0.5Mn1.5O4, 

LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4 is shown in Figure 1. 

 

Table 1. Composition analysis data of the samples by the ICP data. 

 

Material/element Li Ni Mn Cr 

LiNi0.5Mn1.5O4 0.98 0.5 1.49 — 

LiNi0.5Mn1.4Cr0.1O4 0.98 0.5 1.39 0.098 

Li1.1Ni0.5Mn1.4Cr0.1O4 1.09 0.5 1.41 0.099 

 

 
 

Figure 1. XRD patterns ofLiNi0.5Mn1.5O4, LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4. 
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The well-distinguished diffraction peaks of these samples assigned to the (111), (311), (400), 

and the other planes of the space group cubic Fd ̅m LiNi0.5Mn1.5O4 (JCPDS No. 80-2162), consistent 

with previously reported data [23, 24]. This result implies that the doping and the additional lithium do 

not change the original LiNi0.5Mn1.5O4 structure. However, very weak peaks at 2θ of 37.6° and 43.7° 

are detected in the XRD results for the samples of LiNi0.5Mn1.5O4, LiNi0.5Mn1.4Cr0.1O4 and 

Li1.1Ni0.5Mn1.4Cr0.1O4, which fit well with the rock-salt phase impurities (LiyNi1-yO) originated from 

the oxygen at high annealing temperatures above 750 ℃ [25, 26]. The lattice constants (cubic, a=b=c) 

of the samples were calculated according to the Scherrer formula and the results were 8.1880 Å, 

8.1938 Å and 8.1986 Å for LiNi0.5Mn1.5O4, LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4, 

respectively. This increases lattice parameter in LiNi0.5Mn1.4Cr0.1O4 results from the large radius of 

Cr
3+

 ~ 0.615 Å (vs. 0.53 Å of Mn
4+

) and the additional lithium induced more Mn
3+

 (0.645 Å) reduced 

from Mn
4+

 in Li1.1Ni0.5Mn1.4Cr0.1O4, due to charge compensation and leading to the increased lattice 

parameter, which consistent with the previous literatures [12, 26, 27]. Furthermore, the energy 

dispersive spectroscopy (EDS) images visually identify the uniform elemental distribution of Ni, Mn, 

Cr in LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4 (Figure 2). 

 

 
 

Figure 2. EDS mapping of Mn, Ni and Cr in (a) LiNi0.5Mn1.4Cr0.1O4, (b) Li1.1Ni0.5Mn1.4Cr0.1O4. 
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Thus, it is reasonable to believe that the Cr
3+

 ions have been dispersed into the LiNi0.5Mn1.5O4 

lattice. Consequently, we believe this solid-state method to prepare the LiNi0.5Mn1.5O4-based spinel 

materials is feasible. 

The morphology and structure of LiNi0.5Mn1.5O4, LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4 

were illustrated by field emission scanning electron microscopy (FESEM), as shown in Figure 3. It can 

be seen that the Cr
3+

 doping plays an obvious impact on the surface morphology and particle size. The 

pristine LiNi0.5Mn1.5O4 sample displays severe agglomeration, leading to a compact, large secondary 

particles, which are clearly composed of primary LiNi0.5Mn1.5O4 particles, as shown in Figure 3 (a, d). 

These large agglomerated particles are detrimental to the diffusion for lithium ions and electrons 

because of the long diffusion pathway during the lithium-ion insertion/extraction process, which could 

result in inferior electrochemical performance of LiNi0.5Mn1.5O4. In contrast, LiNi0.5Mn1.4Cr0.1O4 

(Figure 3b, e) and Li1.1Ni0.5Mn1.4Cr0.1O4 (Figure 3c, f) samples have small primary particles and most 

of them are octahedral-shaped. However, it is important to note that the Li1.1Ni0.5Mn1.4Cr0.1O4 presents 

the smallest particle size in these samples and appears to distribute homogeneously. These results 

imply that the dopant of Cr
3+

 significantly reduce the particles agglomeration of the doped samples. 

Furthermore, the presence of additional lithium in the Li1.1Ni0.5Mn1.4Cr0.1O4 can further reduce the 

agglomeration and improve homogeneity and the particle size is also decreased compared to 

LiNi0.5Mn1.4Cr0.1O4. The large surface area associated with the small particle size could facilitate the 

diffusion of electrolyte and significantly improve the kinetics of the lithium ions during 

intercalation/deintercalation process. We believe all these reasons will lead to an improved rate 

capability.  

 

 
 

Figure 3. FESEM images of (a) (d) LiNi0.5Mn1.5O4, (b) (e) LiNi0.5Mn1.4Cr0.1O4 and (c) (f) 

Li1.1Ni0.5Mn1.4Cr0.1O4. 

 

To evaluate the potential application of Li1.1Ni0.5Mn1.4Cr0.1O4 and LiNi0.5Mn1.4Cr0.1O4 as LIBs 

cathodes, galvanostatic tests were performed at 0.1 C (1 C = 147 mAh g
−1

) between the voltage 

window of 3.5-5.0 V (vs. Li/Li
+
), as seen in Figure 4. 
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Figure 4. (a) The first charge/discharge curves of three samples. The 1
st
, 5

th
, 10

th
, 20

th
 

charge/discharge curves of (b) LiNi0.5Mn1.5O4, (c) LiNi0.5Mn1.4Cr0.1O4 and (d) 

Li1.1Ni0.5Mn1.4Cr0.1O4. 

 

Table 2. Comparison of charge capacities and Mn
3+ 

contents in the samples. 

 

Sample Capacity in 4V region (mAh g
-1

)  Amount of Mn
3+

(%) 

LiNi0.5Mn1.5O4 17.50 18.47% 

LiNi0.5Mn1.4Cr0.1O4 16.42 17.04% 

Li1.1Ni0.5Mn1.4Cr0.1O4 18.66 17.27% 

 

The first charge and discharge curves is shown in Figure 4a, a long voltage plateaus at 4.6−4.8 

V stems from Ni
2+

/Ni
3+

, Ni
3+

/Ni
4+

 and a minor sloping plateau around 4.1 V can be ascribe to the 

Mn
3+

/Mn
4+

 redox couple, respectively [28, 29]. This phenomenon further confirms the crystal 

structures of our samples are disordered Fd ̅m, consistent with the result of XRD [29]. In addition, the 

two plateaus at 4.6 and 4.8 V become more obvious and the gap is larger in the Cr
3+

 doping samples , 

which testifies that the Cr
3+

 doping increases the cationic disorder [26]. Moreover, all the samples 

show the low columbic efficiency which could ascribe to the decomposition of the electrolyte at high 

operation voltage [30]. To confirm the content of Mn
3+

, detailed calculation was conducted according 

to the capacity percentage contribution from the 4 V plateau of the initial discharge capacity (Figure. 
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4a) for the samples, as shown in Table 2. The capacities contributed by Mn
3+

 for LiNi0.5Mn1.5O4, 

LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4 are 18.47, 17.04, 17.27%, respectively, indicating that 

Cr
3+

 suppress the formation of Mn
3+

. However, the Mn
3+

 content in Li1.1Ni0.5Mn1.4Cr0.1O4 is higher 

than that of LiNi0.5Mn1.4Cr0.1O4, which may be due to the charge compensation of the additional 

lithium ions existed in +1 oxidation state lowers the average manganese valence, leading to the more 

Mn
3+

 reduced from Mn
4+

, consistent with the result of XRD. This observation is good agreement with 

the previous reporters [1, 26]. 

To further study the effect of Cr
3+

, we compared the curves of 1
st
, 5

th
, 10

th
 and 20

th
 of the 

samples, as shown in Figure 4b−d. Results indicate that the Cr
3+

 decreases the polarization of 

LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4 than that of LiNi0.5Mn1.5O4 [30]. The initial discharge 

capacities are 95, 96, and 108 mAh g
−1

 for LiNi0.5Mn1.5O4, LiNi0.5Mn1.4Cr0.1O4 and 

Li1.1Ni0.5Mn1.4Cr0.1O4, respectively. We conclude that Cr
3+

 make little contribution to the capacity, 

whereas the addtional lithium in Li1.1Ni0.5Mn1.4Cr0.1O4 increases the capacity about 12.0 %, which is 

higher than that of LiNi0.5Mn1.4Cr0.1O4, consistent with the result of Table 1.  

 

 
 

Figure 5. (a) Cyclic performance, (b) rate capability of LiNi0.5Mn1.5O4, LiNi0.5Mn1.4Cr0.1O4 and 

Li1.1Ni0.5Mn1.4Cr0.1O4. 

 

Figure 5a displays the cyclic performance of the three samples at 0.1 C and the discharge 

capacities of 65, 85, and 99 mAh g
−1

 are obtained after 50 cycles at room temperature for 

LiNi0.5Mn1.5O4, LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4, with the corresponding capacity 

retention ratios of 69, 88 and 92 %, respectively. The discharge capacity is dramatically decreased 

after 34 cycles in LiNi0.5Mn1.5O4, whereas LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4 display better 

cyclic performance. These results imply that Cr
3+

 enhances the cyclic stability of modified 

LiNi0.5Mn1.5O4. The reversible capacity of Li1.1Ni0.5Mn1.4Cr0.1O4 is higher than that of the others, 

which may be attributed to the synergistic effect of the additional lithium, high Mn
3+

 content and the 

large cationic disorder [26, 27]. 
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The rate capability of the as-prepared samples was performed at different rates from 0.1 C to 2 

C for every 5 successive cycles, as shown in Figure 5b. Li1.1Ni0.5Mn1.4Cr0.1O4 delivered a discharge 

capacity of 111 mAh g
−1

 for the 5
th

 cycle at 0.1 C, whereas LiNi0.5Mn1.4Cr0.1O4 and LiNi0.5Mn1.5O4 

only kept at 98 and 99 mAh g
−1

, respectively. The following discharge capacities of the 

Li1.1Ni0.5Mn1.4Cr0.1O4, LiNi0.5Mn1.4Cr0.1O4 and LiNi0.5Mn1.5O4 electrodes at different rates were 109, 

97 and 96 mAh g
−1

 for the 10
th

 cycle at 0.2 C, 103, 94, and 92 mAh g
−1

 for the 15
th

 cycle at 0.5 C, 96, 

86, and 81 mAh g
−1

 for the 20
th

 cycle at 1 C, and 87, 77, and 67 mAh g
−1

 for the 25
th

 cycle at 2 C, 

respectively. Moreover, when the rate restored to the initial current density of 0.1 C after 30 cycles, 

Li1.1Ni0.5Mn1.4Cr0.1O4 and LiNi0.5Mn1.4Cr0.1O4 kept at 100 and 89 mAh g
−1

, whereas LiNi0.5Mn1.5O4 

only maintained at 80 mAh g
−1

, with 92.6, 92.7 and 84.2% of the initial reversible capacity. These 

results reveal that Cr
3+

 plays a significant role on enhancing the rate capability of LiNi0.5Mn1.5O4. 

These phenomena may be due to the Cr
3+

 that increases the charge vacancy induced by the electric 

neutrality in the lattice and the larger cationic disorder could increase the lithium ion diffusion 

coefficient and enhance the electronic conductivity of LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4 

[26]. Moreover, the large amount of Mn
3+

 resulted from the additional lithium in Li1.1Ni0.5Mn1.4Cr0.1O4 

may increase its conductivity, and the small homogeneous particles with high specific surface area that 

could facilitate the migration of lithium ions and electron. These features make the 

Li1.1Ni0.5Mn1.4Cr0.1O4 process superior rate capability than the others. In order to investigate the 

electrical conductivity of these samples, electrochemical impedance spectroscopy (EIS) measurements 

were carried out, as shown in Figure 6.  

 

 
 

Figure 6. Electrochemical impedance spectra of LiNi0.5Mn1.5O4, LiNi0.5Mn1.4Cr0.1O4 and 

Li1.1Ni0.5Mn1.4Cr0.1O4. 

 

The similar intercept of these samples on the abscissa axis reveals the similar impedance of 

electron conductivity and Li
+
 conductivity in the electrolyte. The semicircle diameter of 
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Li1.1Ni0.5Mn1.4Cr0.1O4 is the smallest than the others reflects that the smallest charge-transfer 

impedance across the solid/electrolyte interface due to the high specific surface area which is in favor 

of the transportation of lithium-ion and electron. Lithium-ion diffusion impedance of 

Li1.1Ni0.5Mn1.4Cr0.1O4 and LiNi0.5Mn1.4Cr0.1O4 is lower than LiNi0.5Mn1.5O4 in the solid, corresponding 

to the gradient of oblique line at low frequencies. This result fits well with the lattice constant (8.188 

Å-LiNi0.5Mn1.5O4, 8.1938 Å -LiNi0.5Mn1.4Cr0.1O4 and 8.1986 Å -Li1.1Ni0.5Mn1.4Cr0.1O4), that is, the 

larger lattice constant, the faster the lithium-ion transport [23]. Hence, the Li1.1Ni0.5Mn1.4Cr0.1O4 

electrodes show excellent rate capability compared to the LiNi0.5Mn1.4Cr0.1O4 and LiNi0.5Mn1.5O4. 

 

 

4. CONCLUSIONS 

In summary, we synthesize modified LiNi0.5Mn1.5O4 of LiNi0.5Mn1.4Cr0.1O4 and 

Li1.1Ni0.5Mn1.4Cr0.1O4 by a solid state method as high performance cathode materials for LIBs. The as-

prepared LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4 electrodes exhibit excellent cyclic and rate 

performance, which are much better than that of the LiNi0.5Mn1.5O4 electrodes. The excellent 

electrochemical performance can be ascribed to the Cr
3+

 that could enhance the electronic conductivity 

and the larger cationic disorder could increase the lithium ion diffusion coefficient of 

LiNi0.5Mn1.4Cr0.1O4 and Li1.1Ni0.5Mn1.4Cr0.1O4. In addition, the additional lithium, high Mn
3+

 content 

and the small homogeneous particles further enhance the rate capability of the Li1.1Ni0.5Mn1.4Cr0.1O4. 

Therefore, it is reasonable to conclude that the Li1.1Ni0.5Mn1.4Cr0.1O4 with Cr
3+

 doping and extra 

amount of lithium is very promising for application as cathodes in LIBs. 
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