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LixNi0.5Mn1.5O4 microspheres (x = 0.96, 0.98, 1.0, 1.02, and 1.04), which consist of nanometer-sized 

primary particles with different lithium contents, were synthesized by an ammonia-mediated carbonate 

precipitation method. The effects of lithium content on the structure, morphology, and electrochemical 

characteristics of the prepared microspheres were investigated in detail. Two types of defects in 

LixNi0.5Mn1.5O4, which is in the Fd-3m space group, were identified: Li vacancies (x = 0.96 and 0.98) 

and Li on Ni sites (x = 1.02 and 1.04). X-ray diffraction with Rietveld refinement revealed that 

approximately 35% of the total manganese in LixNi0.5Mn1.5O4 is Mn3+. We suggest that most of the Mn3+ 

did not participate in the reaction during charging and discharging, and the 4.0 V platform of this material 

cannot be used to accurately estimate the Mn3+ content. Li1.0Ni0.5Mn1.5O4, which had no defects, 

exhibited the best electrochemical performance, retaining a capacity of 146.5 mAh g−1 after 10 cycles at 

0.1C. 
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1. INTRODUCTION 

 

The conventional approach to increasing the energy storage capacity of a battery is to increase 

the voltage at the positive electrode [1]. LiNi0.5Mn1.5O4 reportedly has a high discharge platform near 

4.7 V and a small platform around 4 V [2–4]. The platform around 4.7 V is assigned to the oxidation–

reduction of Ni2+/Ni4+, whereas the 4.0 V platform is attributed to Mn3+/Mn4+ oxidation–reduction. 

Capacity fade in LiNi0.5Mn1.5O4 spinel material has several main causes [5–8]. Among them, the impact 
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of Mn3+ has attracted considerable interest recently [9–11]. 

The impact of Mn3+ defects has been thoroughly examined, but the results are controversial. 

Capacity fade has also been attributed to the formation of a rock salt impurity phase (LixNi1-xO) during 

high-temperature synthesis, which introduces Mn3+ ions into the structure. It has been suggested that 

Mn3+ can stabilize the cycling performance and improve the stability [12, 13]. Mn3+ causes more Ni and 

Mn disorder at higher proportions of the Fd-3m space group and thus increases the Li ion diffusion 

coefficient and electrical conductivity of LiNi0.5Mn1.5O4. However, it has also been argued that Mn3+ 

ions are more likely to disproportionate by 2Mn3+ → Mn2+ + Mn4+ [14]. The resulting Mn2+ ion is soluble 

in the electrolyte and can even be electrochemically deposited on the anode, resulting in a significant 

loss of active substances and capacity during cycling. 

Considering the complex internal structure of this material and the difficulty of assessing the 

interdependence of the structure and electrochemical performance, investigations that focus on the 

relationship between the structural features and electrochemical properties are expected to promote the 

application of LiNi0.5Mn1.5O4. In this study, the effects of lithium content on the structure and 

electrochemical properties of spinel LiNi0.5Mn1.5O4 were investigated. We discuss two types of defects 

in nanostructured high-voltage LixNi0.5Mn1.5O4 (x = 0.96, 0.98, 1.0, 1.02, and 1.04) in the Fd-3m space 

group. 

 

 

 

2. EXPERIMENTAL 

Nickel sulfate hexahydrate (NiSO4·6H2O), manganese sulfate monohydrate (MnSO4·H2O), 

sodium carbonate (Na2CO3), and ammonium hydroxide (NH3·H2O) were used as the starting materials. 

A mixed acid solution of NiSO4 and MnSO4 (Ni/Mn = 0.5:1.5, molar ratio) was fed into the reactor at a 

rate of 0.5 mL/min using a peristaltic pump. A relatively fine needle was used to maintain a droplet 

volume of 0.01 mL. NH3·H2O (0.3 mol/L) was used as a complexing agent, and Na2CO3 (1 mol/L) was 

used to precipitate the metallic ions. The pH was maintained at approximately 7.8 using a pH meter. Co-

precipitation was performed in a 55 °C bath in a continuously stirred tank reactor with stirring at 800 

rpm. After 10 h of stirring, the Ni0.5Mn1.5(CO3)2 precursor was collected and washed four times to 

remove residual sodium and sulfate radicals; it was then filtered and dried. We thus obtained synthesized 

LixNi0.5Mn1.5O4 samples (x = 0.96, 0.98, 1.0, 1.02, and 1.04). These samples were prepared at 800°C in 

air. 

The structure of the obtained LiNi0.5Mn1.5O4 was characterized by powder X-ray diffraction 

(XRD, Rigaku D/Max2500PC, Japan) using CuKα radiation, a graphite monochromator, a tube voltage 

of 30 kV, a tube current of 100 mA, and a step size of 0.02° from 10° to 120°. A gas displacement 

pycnometer using He gas (3H-2000TD, China) was used to measure the true density of the samples. The 

morphology and microstructure of the samples were studied using field emission scanning electron 

microscopy (SEM, FEI, Nova Nano SEM450, USA). For all electrochemical measurements, the 

synthesized cathode materials were used in CR2016 coin cells with a metallic lithium plate as the counter 

electrode. The as-synthesized LiNi0.5Mn1.5O4, carbon black, and polyvinylidene fluoride were mixed at 

a weight ratio of 8:1:1 in N-methyl-2-pyrrolidone to form a slurry. The slurry was coated on aluminum 
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foil and then dried in a vacuum oven at 120 °C for 12 h. The electrolyte was a 1 M LiPF6 solution in 

ethylene carbonate/dimethyl carbonate/ethyl methyl carbonate in a 1:1:1 volume ratio. A Cellgard 2400 

membrane was used as the electrode separator. Charge/discharge tests were performed in a voltage range 

of 3.5–4.9 V using a battery test system (LAND-CT2001A, China). Electrochemical impedance 

spectroscopy (EIS) was performed using an impedance analyzer (Zahner Elektrik IM6, Germany) in a 

frequency range of 100 mHz to 100 kHz at an amplitude of 10 mV. 

 

 

 

3. RESULTS AND DISCUSSION 
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Figure 1. XRD patterns of LixNi0.5Mn1.5O4 samples (x = 0.96, 0.98, 1.0, 1.02, and 1.04). 
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Figure 2. Comparison of experimental and calculated XRD patterns of Li1.0Ni0.5 Mn1.5O4. 
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Figure 1 shows the XRD patterns of LixNi0.5Mn1.5O4 (x = 0.96, 0.98, 1.0, 1.02, and 1.04). To 

further understand the structure of LixNi0.5Mn1.5O4, all the XRD data were refined, and the XRD patterns 

are compared with the refined patterns in Figure 2. Table 1 presents the structural parameters of the 

materials based on the refinement of the XRD data. The XRD patterns in Figure 1 correspond to 

diffraction from the typical face-centered cubic spinel structure (space group Fd-3m) irrespective of Li 

content. No additional diffraction peaks associated with secondary phases were observed. As shown in 

Table 1, the XRD data are fitted by a strict three-dimensional model, {LiNix}8a{Ni0.5[Mn4+]1.5-

y[Mn3+]y}16d{Ow}32e. The Biso values of Li0.96Ni0.5Mn1.5O4 and Li0.98Ni0.5Mn1.5O4 indicate that there are 

traces of Li vacancies for x = 0.96 and 0.98. The structure of Li0.96Ni0.5Mn1.5O4 can be described as 

{Li0.960Ni0.0228}8a{Ni0.5[Mn4+]1.124[Mn3+]0.376}16d{O3.792}32e. For x = 0.98 and 1.0, the structure may be 

represented as {Li0.98 Ni0.0156}8a{Ni0.5[Mn4+]1.12[Mn3+]0.38}16d{O3.8}32e and 

{Li}8a{Ni0.5[Mn4+]1.052[Mn3+]0.448}16d{O3.766}32e, respectively. When the Li content exceeds 1.0, Li 

occupies Ni sites. The occupation of the 16d site by Li+ ions is found to be 0.01 and 0.02 in 

Li1.02Ni0.5Mn1.5O4 and Li1.04Ni0.5Mn1.5O4, respectively. That is, there are two types of defects in 

nanostructured high-voltage LixNi0.5Mn1.5O4 (x = 0.96, 0.98, 1.0, 1.02, and 1.04) in the Fd-3m space 

group: Li vacancies (x = 0.96 and 0.98) and Li on Ni sites (x = 1.02 and 1.04). The measured and 

calculated densities of Li1.02Ni0.5Mn1.5O4 were 4.3648 and 4.4599 g cm−3, respectively. This result 

strongly indicates the presence of oxygen vacancies. The structure of LixNi0.5Mn1.5O4 may also be 

expressed as 0.5LiNiMnO3.5·0.5Li[Mn4+]2-δ[Mn3+]δO4. First-principle calculations have shown that 

strong interactions between Ni2+ and Mn4+ ions are favored [15]. Therefore, in the model 

0.5LiNiMnO3.5·0.5Li[Mn4+]2-δ[Mn3+]δO4, the presence of Ni and Mn in a 1:1 ratio is relatively easy to 

understand, and it is also consistent with the formation of Ni2+ and Mn4+ clusters within the transition 

metal layers [16]. In LiMn2O4, the valence of Mn is reportedly 3.5; that is, Mn4+/Mn3+ = 1:1.  
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Figure 3. SEM images of (a) precursor under low magnification showing single particle size and 

distribution and synthesized LixNi0.5Mn1.5O4 samples under high magnification for x = 0.96 (b), 

0.98 (c), 1.0 (d), 1.02 (e), and 1.04 (f).  

 

Figure 3 shows SEM images of the Ni0.5Mn1.5(CO3)2 precursor and the obtained LixNi0.5Mn1.5O4 

(x = 0.96, 0.98, 1.0, 1.02, and 1.04) samples. As shown in Figure 3(a), the precursor has clear spherical 

morphology with a uniform size distribution, and its diameter is approximately 10 μm. The precursor 

powder is homogeneous, and the particles are not agglomerated. The spherical morphology and diameter 

in the LixNi0.5Mn1.5O4 samples was unchanged after high-temperature calcination. To examine the 

microstructure of the LixNi0.5Mn1.5O4 samples, Figure 3(b)–3(f) show the surface morphology of a single 

particle of each sample at high magnification. The five samples have similar particle morphology, with 

no substantial differences. Both of samples were composed of many octahedral primary particles with 

sizes of 50–300 nm, which will enhance the electrochemical performance by decreasing the lithium ion 

diffusion length [17–19] and increasing the effective surface contact area with the electrolyte. 
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Figure 4. Tenth charge/discharge curves of LixNi0.5Mn1.5O4 (x = 0.96, 0.98, 1.0, 1.02, and 1.04) tested 

against a Li metal anode at a rate of 0.1C between 3.5 and 4.9 V. 

 

Charge/discharge tests were conducted at a rate of 0.1C from 3.5 to 4.9 V, and the 10th 

charge/discharge curves are shown in Figure 4. The Li1.0Ni0.5Mn1.5O4 sample had the highest discharge 
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capacity of 146.5 mAh g−1. The samples with x = 0.96, 0.98, 1.02, and 1.04 had discharge capacities of 

142.2, 139.3, 134.1, and 135 mAh g−1, respectively; these values are all lower than that of 

Li1.0Ni0.5Mn1.5O4. The reason may be the presence of Li vacancies (x = 0.96 and 0.98) and the occupation 

of Ni sites by Li (x = 1.02 and 1.04). We suggest that not all of the Mn3+ participates in the reaction 

during charging and discharging. As clearly shown in Figure 4, all the cathodes exhibited two typical 

plateaus: a distinct long, flat plateau around 4.7 V, which is attributed to the Ni2+/4+ redox reaction, and 

a short plateau around 4.0 V resulting from the Mn3+/4+ redox process. The length of the plateau in the 

4.0 V region can be adopted to calculate the relative Mn3+ content of the spinels [20]. Therefore, a 

detailed analysis was performed to calculate the capacity contribution of Mn3+ in all the samples from 

the discharge capacity of the 5th cycle; the results are presented in Table 2. The capacity of the 4.0 V 

plateau (which is calculated to lie between 3.5 and 4.2 V) is 4.3, 4.4, 4.6, 4.2, and 5.2 mAh g−1 for x = 

0.96, 0.98, 1.0, 1.02, and 1.04, respectively. Interestingly, the percentage of the capacity at the 4.0 V 

plateau is approximately 3%, but the Mn3+ content observed by XRD refinement is approximately 20–

50%. We suggest that most of the Mn3+ was not oxidized/reduced during charging/discharging, and the 

capacity of the 4.0 V platform cannot be used to accurately estimate the Mn3+ content. 
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Figure 5. Differential capacity versus voltage curves of Li/LixNi0.5Mn1.5O4 (x = 0.96, 0.98, 1.0, 1.02, 

and 1.04) cell between 3.5 and 4.9 V at a rate of 0.1C. 
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Figure 5 shows that the two reduction peaks are divided by a voltage point (Q) corresponding to 

the biggest dQ/dV value between the two peaks during discharge, and these voltage limits clearly 

separate the voltage plateaus. We use the discharge capacity in the voltage ranges of 4.3 V–Q and Q–

4.9 V to represent the transition from the second cubic phase to the pristine cubic phase and the transition 

from the third cubic phase to the second cubic phase, respectively [21]. 
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Figure 6. (a) Discharge capacity versus cycle number during Li+ intercalation for LixNi0.5Mn1.5O4 (x = 

0.96, 0.98, 1.0, 1.02, and 1.04) tested against a Li metal anode at a rate of 0.1C (a) between 4.3 

V and Q and (b) between Q and 4.9 V. 

 

Figure 6 shows plots of discharge capacity versus Li content for LixNi0.5Mn1.5O4 (x = 0.96, 0.98, 

1.0, 1.02, and 1.04) during Li+ intercalation with a Li metal anode at a rate of 0.1C in the voltage ranges 

of 4.3 V–Q and Q–4.9 V. In the discharge process, we chose 4.9 and 4.3 V as the cutoff voltages and 

used the discharge capacity in the voltage ranges of 4.3 V–Q and Q–4.9 V to indicate phase transitions. 

The discharge capacity at 4.3 V–Q for samples with both types of defects [Li vacancies (x = 0.96 and 
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0.98) and Li on Ni sites (x = 1.02 and 1.04)] is lower than that of Li1.0Ni0.5Mn1.5O4. In addition, for 

samples with both types of defects, the discharge capacity at Q–4.9V is higher than that of 

Li1.0Ni0.5Mn1.5O4. The reason may be that the transition from the second cubic phase to the pristine cubic 

phase occurs most rapidly and the transition from the third cubic phase to the second cubic phase occurs 

most slowly in Li1.0Ni0.5Mn1.5O4. The overall discharge capacity depends largely on the discharge 

capacity in the voltage range of 4.3 V–Q. 

All the samples have two redox peaks near 4.7 V, in agreement with the charge/discharge curves. 

The difference (ΔV) or polarization between the anodic (A1 and A2) and cathodic (C1 and C2) peaks 

can be used to estimate how easily Li+ ion insertion/extraction occurs [22]. Table 3 lists the potential 

differences between the anodic and cathodic peaks of the five cathodes at ~4.7 V. All five cathodes 

clearly show small potential differences. For the samples with x = 0.96 and 1.04, the potential differences 

are slightly larger than those of the samples with x = 0.98, 1.0, and 1.02, implying lower conductivity 

among them. Li1.0Ni0.5Mn1.5O4, which has the best electrochemical performance, has the smallest 

potential difference. 

 

Table 1. Structural parameters of LixNi0.5Mn1.5O4 samples (x = 0.96, 0.98, 1.0, 1.02, and 1.04). 

 
Samples Li0.96Ni0.5 Mn1.5O4 Li0.98Ni0.5 Mn1.5O4 Li1.0Ni0.5 Mn1.5O4 Li1.02Ni0.5 Mn1.5O4 Li1.04Ni0.5 Mn1.5O4 

Space group Fd-3m Fd-3m Fd-3m Fd-3m        Fd-3m 

Lattice constant 

a(Ǻ) 8.16824 8.1693 8.1691 8.1699 8.1698 

Cell volume(Ǻ 3) 544.987 545.198 545.156 545.318 545.303 

Structure parameters 

Rp 6.27 6.07 6.29 7.9 6.66 

Rwp 9.9 9.62 9.72 11 10.3 

Li8a x 0.12500 0.12500 0.12500 0.12500 0.12500 

y 0.12500 0.12500 0.12500 0.12500 0.12500 

z 0.12500 0.12500 0.12500 0.12500 0.12500 

Occ 0.96 0.98 1 1 1 

Biso 1.795 1.235 1.0 1.2 1.913 

Ni16d x 0.50000 0.50000 0.50000 0.50000 0.50000 

y 0.50000 0.50000 0.50000 0.50000 0.50000 

z 0.50000 0.50000 0.50000 0.50000 0.50000 

Occ 0.2386 0.2422 0.25 0.2475 0.245 

Biso 0.073 0.137 0.409 0.442 0.504 

Mn16d x 0.50000 0.50000 0.50000 0.50000 0.50000 

y 0.50000 0.50000 0.50000 0.50000 0.50000 

z 0.50000 0.50000 0.50000 0.50000 0.50000 

Occ 0.75 0.75 0.75 0.7425 0.735 

Biso 0.073 0.137 0.409 0.442 0.504 

Ni8a x 0.125 0.125    

 y 0.125 0.125    

 z 0.125 0.125    
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 Occ 0.0228 0.0156    

 Biso 1.795 1.235    

Li16d x - - - 0.50000 0.50000 

y - - - 0.50000 0.50000 

z - - - 0.50000 0.50000 

Occ - - - 0.01 0.02 

Biso - - - 0.442 0.504 

O32e x 0.26190 0.26211 0.26358 0.26015  0.26360 

y 0.26190 0.26211 0.26358 0.26015 0.26360 

z 0.26190 0.26211 0.26358 0.26015 0.26360 

Occ 0.948 0.95 0.944 0.907 0.9058 

Biso 0.392 0.391 0.34 0.304  0.6447 

 

 

Table 2. Values and percentages of Mn3+ content and 4.0 V plateau capacity. 

 

Li content 4.0V plateau capacity(mAh 

g-1) 

(3.5-4.2V) 

The percentage of 

4.0V plateau 

capacity (%) 

Mn3+ amount The percentage of 

Mn3+ amount (%) 

0.96 4.3 3.02 0.376 25.07 

0.98 4.4 3.16 0.38 25.33 

1.0 4.6 3.14 0.448 29.87 

1.02 4.2 3.13 0.754 50.27 

1.04 5.2 3.85 0.7536 50.24 

 

 

Table 3. Potential difference between anodic peak (A1/A2) and cathodic peak (C1/C2) of each sample. 

 

samples 0.96 0.98 1.0 1.02 1.04 

Potential difference A1-C1(mV) 31.5 20 20 19.3 28 

Potential difference A2-C2(mV) 44 44 44 44 49 

 

 

   To study the change in impedance of the LixNi0.5Mn1.5O4 (x = 0.96, 0.98, 1.0, 1.02, and 1.04) 

cathodes, EIS was performed. Figure 7 presents the Nyquist plots of the spinel electrodes after cycling 

at 0.1C. All the EIS spectra contain one semicircle in the high- and medium-frequency regions and an 

inclined line in the low-frequency zone. The charge-transfer resistance Rct, which is roughly the radius 

of the semicircle, was simulated. The Li1.0Ni0.5Mn1.5O4 cathode has a smaller charge-transfer impedance 

(178.4 Ω) than the other four samples. 
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Figure 7. Nyquist plots of synthesized LixNi0.5Mn1.5O4 (x = 0.96, 0.98, 1.0, 1.02, and 1.04) cathodes at 

a rate of 0.1C after 10 cycles between 3.5 and 4.9V. 

 

 

 

4. CONCLUSIONS 

This work discussed the effects of lithium content on the structure, morphology, and 

electrochemical characteristics of LixNi0.5Mn1.5O4 (x = 0.96, 0.98, 1.0, 1.02, and 1.04) in the Fd-3m space 

group. There are two types of defects in the nanostructured high-voltage LixNi0.5Mn1.5O4 (x = 0.96, 0.98, 

1.0, 1.02, and 1.04): Li vacancies (x = 0.96 and 0.98) and Li on Ni sites (x = 1.02 and 1.04). In the 

presence of lithium defects, nickel occupies the lithium site, and there is a vacancy at the lithium site. 

We found that only a small portion of the Mn3+ was involved in the electrochemical reaction during 

charge/discharge, and most of the remaining Mn3+ did not participate in the reaction. Among all the 

materials, Li1.0Ni0.5Mn1.5O4 exhibited the best electrochemical performance, retaining a capacity of 

146.5 mAh g−1 after 10 cycles at 0.1 C, because it had the smallest potential difference between the 

anodic and cathodic peaks at ~4.7 V. 
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