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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Multilevel spherical material 
LiNi0.5Mn1.5O4 was prepared by copre
cipitation and following gradient tem
perature calcination. 
� The precursors could be obtained within 

an hour with proper portion of ethanol 
and water as cosolvent. 
� The cathode exhibited stable retention 

above 94% over 200 cycles at 1C and 
high rate capacities.  
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A B S T R A C T   

A convenient and fast strategy to construct multistage spherical LiNi0.5Mn1.5O4 by coprecipitation and following 
gradient temperature calcination has been developed. Considering about the effect of reaction kinetics, ethanol 
and water were used as co-solvent to accelerate the crystallite nucleation and reduce the reaction time. The 
precursors could be obtained within an hour with ethanol/water proportion of 1:3. Due to the synergistic effect 
of nanoscale primary particles and assembled micro-spheres of hierarchical LiNi0.5Mn1.5O4 product, the material 
showed high electrochemical properties as cathode for lithium ion batteries. The cathode delivered 141 mAh g� 1 

at 1 C and maintained 94.2% after 200 cycles. Even at 10 C, 114 mAh g� 1 could be retained. Furthermore, the full 
cell with Li4Ti5O12 delivered 132.4 mAh g� 1 at 1 C and kept 92.4% retention after 200 cycles. And the product at 
55 �C also exhibited 133.2 mAh g� 1 at 1 C and kept 93.2% after 100 cycles.   

1. Introduction 

For the past few years, rechargeable lithium batteries have been 
applied to many aspects including electric vehicles, hybrid electric ve
hicles and portable electronic products because of their high energy 
density, long cruising autonomy and good environmental friendliness. 
Nowadays, they have obtained a great deal of attention and support 

from the state and the society. However, with the increasing re
quirements of the industrial production, outstanding cathode materials 
which can provide higher capacity or higher voltage are demanded 
[1–7]. 

Compared with the conventional cathode materials such as LiCoO2 
and LiFePO4, the high voltage cathode material, LiNi0.5Mn1.5O4 
(LNMO), possesses a voltage plateau of 4.7 V, which means the amount 
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of cathode materials to set up a battery pack can be reduced. Conse
quently, the industries can bring down the cost of manufacture by using 
this kind of material. Furthermore, LNMO exhibits a great preponder
ance with higher energy density of 650 Wh kg� 1, which compares to the 
500 Wh kg� 1 of LiMn2O4, 540 Wh kg� 1 of LiFePO4 and 540 Wh kg� 1 of 
LiCoO2 [8,9]. 

The prominent properties of this material have attracted much 
attention, and many synthetic methods have been reported, which 
include hydrothermal method, sol-gel method, template method, spray 
drying, coprecipitation method, solid-state method and so on [10–26]. 
However, the synthesis processes have companied with long period, low 
output and rigorous conditions. They are still difficult to be widely used 
in mass production for commercialization. 

In this paper, we will introduce a quite convenient and efficient 
coprecipitation method to synthesize LiNi0.5Mn1.5O4 with a spherical 
multistage structure. And the precursor of LNMO can be prepared in an 
hour. During the process, the dielectric constant of reaction kinetics 
plays an important role. According to the formula of the reaction ki
netics of solution, the relationship between dielectric constant (ε) and 
reaction rate constant (k) could be concluded to that: f∂ln K=∂ð1=εÞgT ¼
ZAZBLe2=RTa (The derivation of the formula is shown in Supplementary 
Material), where Z represents the valence, L represents the Avogadro 
constant, e means the electron charge, a stands for the ion diameter, T is 
the temperature, and R is referred to the ideal gas constant. According to 
this formula, it’s not difficult to discover that the decreasing dielectric 
constant can accelerate the kinetics process of the combination reaction. 
Furthermore, the dielectric constant influences the nucleation and 
growth of the crystalloid. The dielectric constants of distilled water and 
ethanol are 81 and 26 respectively at room temperature. When we adopt 
distilled water and ethanol as mixed solvent, the dielectric constant of 
solution would be reduced the and the reaction rate would be increased. 
The dielectric constant is around 60 at the proportion of ethanol to water 
is 1:3. In this way, alcohol reduces the dielectric constant significantly 
and hence, the rate of reaction is also strengthened [27–29]. Under this 
reaction condition, we will shrink the time cost and increase the output. 

On the other hand, since some reactants can not be dissolved very 
well in ethanol, the varying of dielectric constants will have an effect on 
the solubility and the supersaturation of solute, which will affect the 
crystal growth and the interaction between solute and solvent. We need 
an appropriate amount of distilled water to make up this shortage. 
Therefore, the proportion of ethanol to distilled water shall be adjusted 
to achieve an optimal reaction environment. And the final product ex
hibits an excellent structure. The nanoscale primary particles of the 
material contribute to the enhancement of the rate performance, while 
the assembled micron-scale secondary particles benefit to the cyclic 
stability. 

We also prepared LNMO cathode by a conventional sol-gel method 
for comparison. The material obtained by above coprecipitation method 
exhibited better electrochemical performance. The method could pro
vide a mass production route at a low cost for its commercial 
applications. 

2. Experimental section 

2.1. Material preparation and characterization 

During our synthesis of the coprecipitation precursor, 1.314 g 
NiSO4⋅6H2O, 2.535 g MnSO4⋅H2O were dissolved in 100 ml of distilled 
water and then stirred continuously for 10 min to form a homogenous 
solution. After that, 50 ml of anhydrous ethanol were added into the 
mixed solution mentioned above, stirring continuously for another 
5 min until solution A obtained. At the same time, 2.37 g NH4HCO3 was 
dissolved in 50 ml of distilled water to form solution B, it also needed 
continuous agitation for about 10 min to be completely dissolved. Then 
solution B was mixed with solution A thoroughly by stirring for only 1 h. 

In addition, a suitable amount of sodium sulfide solution (about 10–15 
drops of 0.03 mol l� 1 solution) was used as a reagent to reduce the loss of 
Ni ions dissolved in water because of the complexation with ammonium 
ions in solution. Finally, the Ni0.25Mn0.75CO3 precipitates were statically 
settled and aged overnight. The purpose of aging is to make the small 
crystals disappear and the large grains grow. Then the precipitation was 
centrifugated and washed with deionized water for four times. At the 
last time, we used absolute alcohol to replace the water and then put the 
precipitation in the oven at 80 �C for 12 h. 

To verify the effect of the dielectric constant, we changed the pro
portion of ethanol to water ranging from 1:4, 1:3, 1:2, 1:1, 2:1 to 3:1. 
The other experiment parameters kept unchanged. The contrastive 
sample was prepared by a sol-gel method. In this way, 1.244 g Ni 
(CH3COO)2⋅4H2O, 3.676 g MnSO4⋅4H2O, 4.92 g sucrose and 0.693 g 
LiCH3COO were dissolved in 100 ml of deionized water and stirred in 
the oil bath until the gel appeared. 

The cathode material prepared by coprecipitation method was first 
heated at 500 �C for 2 h and transformed into oxide. After cooling down, 
the oxide was washed with deionized water, so that a series of impurity 
ions could be removed, such as sulfur ions. The final product was syn
thesized by mixed with a stoichiometric amount of Li2CO3 (excess 5 wt 
%) and calcined at 400 �C for 2 h, 600 �C for 2 h and finally 800 �C for 
3 h. The control group was annealed at the same calcination condition. 

The X-ray diffraction (XRD) patterns were collected via a Rigaku 
Ultima IV with Cu Ka radiation from 10 to 80� to obtain the information 
of the structure. Morphology and crystal structure were recorded by scan 
electron microscopy (SEM, Zeiss SUPRA 55) and high-resolution trans
mission electron microscopy (HRTEM, JEM–2100). The acceleration 
voltage of TEM is 200 kV. The Raman measurement was performed by 
using a Lab Ram HR 800 which was equipped with an Arþ laser 
(λ ¼ 632.8 nm) micro Raman spectrometer. The elemental information 
of the sample was tested by X-ray photoelectron spectroscopy (PHI-5000 
versaprobe). 

2.2. Electrochemical measurements 

The electrochemical tests were recorded with CR2032-type coin 
cells. The active materials were mixed with carbon conductive agent 
(acetylene black) and polyvinylidene fluoride (PVDF) at the weight ratio 
of 80: 10: 10. The uniform slurry was tape casted on the coated-carbon 
aluminum foil and then dried at 80 �C for 12 h. Then the dried foils were 
cut into circular disks as working electrodes. The loading density was 
about 1.77  mg cm� 2. The electrolyte solution contained 1 M LiPF6 in 
ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 by weight). 
The Celgard 2400 microporous polypropylene membrane was chosen to 
be separators. The coin-type cells were fabricated in an argon-filled 
glovebox with water and oxygen contents under 0.1 ppm. Galvano
static charge-discharge cycling performance was measured by Land CT 
2001 battery tester in the voltage range of 3.5 V–4.95 V (1 C ¼ 146.7 
mAh g� 1). The electrochemical impedance spectroscopy (EIS) and Cy
clic Voltammetry were carried out on an electrochemical workstation 
(CHI660C) by using a three electrodes cell. 

3. Results and discussions 

As shown in Scheme 1, during the synthesis of the coprecipitation 
precursor, we attempted to adopt different proportions of ethanol to 
water as solvent, and the feature of the precursors had some obvious 
distinctions. After the high temperature treatment, the final products 
were quite different. (The micrographs of the precursors and final 
products are shown in Supplementary Material Fig. S1 and Fig. S2). As is 
well known, the structure of active materials has an important influence 
on the performance of cells, so we select an optimal proportion of sol
vent to synthesize the target LNMO. It is not difficult to find that the 
ratio of ethanol to water is the most suitable at 1:3. Under this reaction 
condition, the products could obtain the optimum morphology 
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retention. This beneficial surface structure makes the active material 
have large contacts with electrolyte and improve the electrochemical 
performance. 

We can see the micrographs in Fig. 1(a–d), which shows the SEM 
images of coprecipitation precursors and final products at different 
magnifications. The diameter of coprecipitation precursors is about 3 μm 
and maintain pretty well after the gradient heating. The homogeneous 
spherical morphology does not change. At the same time, a multilevel 
structure appeared after the high temperature treatment, because the 
carbonate precursors were decomposed accompanying with large 

amount of CO2. The primary particles are in nanoscale, and the sec
ondary particles are in microscale. Such a structure could not only 
improve the rate performance of the material, but also enhance the 
cycling performance. The images of (e) and (f) show the sol-gel pre
cursors and the final products after calcination. It is obvious that the 
control group does not show a homogeneous morphology and scatters 
unevenly. 

The XRD patterns and Rietveld refinements of the coprecipitation 
products (which is produced by the proportion of ethanol to water for 
1:3) and the sol-gel products are shown in Fig. 2(a and b). The two 

Scheme 1. Schematic diagram of the synthesis route.  

Fig. 1. FESEM images of the samples: (a), (b) Ni0.25Mn0.75CO3 precursors; (c), (d) LiNi0.5Mn1.5O4 products; (e) precursors from sol-gel method; and (f) final products 
from sol-gel method. 
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structure of the space group are both P4332-type. We can see clearly that 
all the peaks can be well indexed as a cubic spinel structure without any 
impurity phases. The impurities such as LiNixO and NiO that may occur 
during the preparation progress have not appeared in our work [30]. 

The lattice parameters of the samples were obtained by Rietveld 
refinement of the XRD data, and the results are shown in Table 1. The 
reasonably small values of Rwp (6.58% for coprecipitation, 8.0% for sol- 
gel) and Rp (4.89% for coprecipitation, 6.04% for sol-gel) suggest that 
the fitting results are reliable. 

The TEM images were used to further characterize the morphology 
and the structure of coprecipitation LNMO. As shown in Fig. 3 (a), the 
material we have made is a solid sphere consisting secondary structure, 
which is consistent with the SEM result. The HRTEM images presented 
in (b) shows that the lattice fringe spacing of the coprecipitation prod
ucts is about 0.48 nm, which evidences the appearance of the facet (111) 
of the LiNi0.5Mn1.5O4. As we all known, the exposed facets (111) with 
lower Mn dissolution help to stabilize the surface of the structure, which 
will exhibit better performance than other planes [31,32]. 

Fig. 4 displays the Raman spectrum of the coprecipitation LNMO 
sample. The highest wavenumber band (627 cm� 1) is due to the Mn–O 
stretching vibration. A typical feature for disordered structure of the 
product can be confirmed by peak which is not obviously splitting at 
about 597 cm� 1 [33–35]. It also testifies that we have successfully 
synthesized a high purity material with the structure of P4332-type 
LNMO. 

Fig. 5 (a) presents the charge and discharge curves of the copreci
pitation LiNi0.5Mn1.5O4 cathode at different cycles. The first and second 
cycles were tested at 0.5 C and the rest were measured at the current 
density of 1 C (146.7 mAh g� 1). The material presented a discharge 
capacity of about 135 mAh g� 1 at the first cycle, 140.9 mAh g� 1 at the 
tenth cycle, 138.5 mAh g� 1 at the 50th cycle, 136.8 mAh g� 1 at 100th 
cycle and 133.3 mAh g� 1 at 200th cycle. The dominant discharge 
voltage plateaus were around 4.7 V, which emerge due to the two pairs 
of redox couple Ni2þ/Ni3þ, Ni3þ/Ni4þ. The test of the Cyclic Voltam
metry in Fig. 5 (b) agrees well with the charge-discharge curves. The 
redox peaks around 4.6–4.9 V correspond to the transformation of Ni2þ/ 
Ni3þ and Ni3þ/Ni4þ. Nevertheless, the slight redox peaks appearing at 
the range of 3.9–4.2 V are associated with the Mn3þ/Mn4þ redox couple. 

Fig. 6 presents the X-ray photoelectron spectroscopy of the copreci
pitation of the LNMO sample. Fig. 6 (a) shows the elemental survey 
results of the sample. The Ni2p is illustrated in Fig. 6 (b), the main peaks 
located at 854.4 eV and 871.9 eV are corresponding to the binding en
ergy of Ni2p3/2 and Ni2p1/2, which reveal evidence of the existence of 
Ni2þ. And the result of Mn2p shown in Fig. 6 (c) demonstrates the 
coexistence of Mn3þ and Mn4þ, where the binding energy of Mn2p3/2 
and Mn2p1/2 are located at 641.9 eV, 642.9 eV and 653.9 eV. The re
sults are in agree with the test of CV. Fig. 6 (d) shows the O1s XPS 
spectra, in which there are two main peaks. The peak at 529.5 eV is a 

characteristic peak of oxygen atoms in the crystalline network, while the 
other peak located at 531.4 eV could be assigned to the oxygen absorbed 
at the surface of the material according to the literature [36]. 

Fig. 7 (a) shows the cyclic properties of the two materials. The cells 
were first activated with a small current density of 0.5 C for two loops 
and then cycled for 200 times at a higher current density of 1 C. The cell 
assembled by coprecipitation LNMO performed excellent cyclability, 
retaining 133 mAh g� 1 after 200 cycles. Furthermore, this active 

Fig. 2. (a) XRD patterns of the coprecipitation LNMO sample. (b) XRD patterns of the sol-gel LNMO sample.  

Table 1 
The Rietveld refined structural data obtained from XRD.  

Method a (Å) (a ¼ b ¼ c) V (Å3) Rwp Rp 

coprecipitation 8.182887 547.92316 6.58% 4.89% 
Sol-gel 8.176176 546.57617 8.0% 6.04%  

Fig. 3. (a) TEM and (b) HRTEM images of the coprecipitation LNMO product.  

Fig. 4. Raman spectra of the coprecipitation LNMO sample.  
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material exhibited amazing rate performance with gradual increase of 
the current density. As is shown in Fig. 7 (b), with the increasing current 
density from 0.2 C, 0.5 C, 1 C, 2 C, 5 C–10 C, the discharge capacities of 
the coprecipitation LNMO exhibit 137.3, 135.0, 133.6, 132.5, 127.2, 
114 mAh g� 1 respectively. It is clearly that the materials prepared by 
coprecipitation method have better rate performance than those pre
pared by sol-gel method. The excellent electrochemical performance of 

the coprecipitation LNMO could be attributed to its multistage structure. 
The nanoscale primary particles could shorten the distance for lithium- 
ion diffusion, which is crucial to improve the rate performance. And the 
assembled secondary particles of micro-size assist the structure stability, 
which contribute to the cycling stability. (The performance comparison 
with other proportions of ethanol to water is shown in Fig. S3, Supple
mentary Material). Except for that, we have made some summaries of 

Fig. 5. (a) Different charge and discharge curves of the cells with coprecipitation LNMO cathode materials. (b) Cycling performance of the coprecipitation LNMO 
product. The charge and discharge current density were 1 C and the voltage range was 3.5–4.95 V. 

Fig. 6. X-ray photoelectron spectroscopy of the coprecipitation LNMO sample.  
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the cyclic stability in comparison with literatures reported on 
LiNi0.5Mn1.5O4 samples in Table 2. 

To further investigate the application of the coprecipitation LNMO, 
we fabricated a full cell with Li4Ti5O12 as anode, as shown in Fig. 8. The 
N/P (negative to positive) loading ratio for the full cell was about 1.1. 
The full cell exhibited 125.1 mAh g� 1 capacity at the first cycle, with an 
initial coulombic efficiency of 77.7%. Subsequently, it delivered 132.4 
mAh g� 1 capacity at a current density of 1 C and maintained 122.3 mAh 
g� 1 after 200 cycles, which offered a capacity retention of 92.4%. 

The cathode was also tested at the elevated temperature of 55 �C. As 
shown in Fig. 9 (a), the normal voltage curve platform is still displayed 
with the dominant charge discharge voltage plateaus around 4.7 V, 
which indicates the good stability of our material at elevated tempera
ture. Fig. 9 (b) exhibits stable cycle performance at 55 �C. It presented 
132.3 mAh g� 1 at 1 C and preserved 93.3% after 100 cycles. 

Fig. 10 (a) shows the EIS measurements and equivalent circuits of the 
coprecipitation LNMO and sol-gel LNMO. Generally, the electrolyte re
sistances (Rs) in the high frequency area were about 1.84 and 2.12 Ω cm2 

before cycle. And the Rs became 19.22 and 33.45 Ω cm2 after 200 cycles. 
The fitting results of the charge transfer resistance between electrolyte 
and electrode (Rct) in middle-high frequency were about 58.92 and 
60.17 Ω cm2 respectively. While after cycle, they became 203.12 and 
330.45 Ω cm2. Obviously, the coprecipitation LNMO sample exhibits the 
smaller impedance than the sol-gel sample. Fig. 10 (c) shows the 
impendence at 55 �C. The electrolyte resistances (Rs) were 6.48 and 
12.54 Ω cm2 before and after cycling. The charge transfer resistance 
between electrolyte and electrode (Rct) in middle-high frequency were 
about 99.45 and 280.38 Ω cm2 before and after cycling. The impend
ences became larger, which may be attributed to severe electrolyte/ 

cathode interface reaction at elevated temperatures [37]. 
The straight line in the low frequency region presents Warburg 

diffusion which is related to the diffusion of Liþ in the electrode mate
rials. So we also calculated the Liþ diffusion coefficient (DLi) according 
to the formula of DLi ¼ R2T2/2A2n2F4C2σ2. In the formula, DLi stands for 
the Liþ diffusion coefficient in the material (cm2/s), T is the absolute 
temperature (298.15 K), R means the gas constant (8.31 J/mol∙K), A is 
the surface area of the cathode electrode (it is about 1.13 cm2), n is the 
number of electrons transferred per molecule during the electrochemical 
reaction, F is the Faraday constant (96485 C/mol), and C is the molar 
concentration of Liþ in the product which comes from the refined XRD 
data of the cell volume in Table 1 (about 1.212 � 10� 2 mol/cm3 for the 
coprecipitation and 1.215 � 10� 2 mol/cm3 for the sol-gel), and σ is the 
Warburg factor associated with ZRe (ZRe∝ω� 1/2) [38]. Fig. 10 (b) shows 
the relationship between ZRe and the reciprocal square root of frequency 
(ω� 1/2) in the low frequency region at 25 �C. The σ values of the LNMO 
samples were calculated to be 1.90, 2.98, 14.55 and 23.11 Ω s� 1/2 

respectively. Therefore, the DLi values of the products were 
5.24 � 10� 11 cm2/s, 2.11 � 10� 11 cm2/s, 2.67 � 10� 12 cm2/s and 
4.7 � 10� 13 cm2/s, which means that the material produced by our 
coprecipitation method exhibits a better capability to diffuse and 
transmit lithium ions. It can be attributed to the multilevel structure. 
Fig. 10 (d) shows the relationship at 55 �C. The calculated DLi of the 
products were 9.6 � 10� 13 cm2/s and 3.5 � 10� 13 cm2/s. Rs, Rct, and DLi 
are shown in Table 3. 

Fig. 7. (a) Cycling tests of both samples at a constant charge-discharge rate at 1 C. (b) Rate properties of the LNMO product.  

Table 2 
Summary of the cyclic stability about LiNi0.5Mn1.5O4 samples already published 
and our work. (1 C ¼ 146.7 mA h g� 1).  

Preparation 
method 

Rate/Cycle 
number 

Discharge Capacity and 
Retention after cycle 

Reference 

Hydrothermal 1 C/30 135 mAh g� 1 98% 10 
Hydrothermal 0.5C/100 115 mAh g� 1 85% 11 
Sol-gel method 1 C/200 121 mAh g� 1 91.7% 12 
Sol-gel method 1C/100 130 mAh g� 1 94% 13 
template method 1 C/100 125 mAh g� 1 96.6% 14 
template method 1 C/200 100 mAh g� 1 70% 15 
spray drying 0.15 C/50 135 mAh g� 1 97% 16 
spray drying 2C/50 119 mAh g� 1 98% 17 
solid-state 0.5 C/100 129 mAh g� 1 96.3% 23 
solid-state 1 C/100 135 mAh g� 1 96.4% 24 
coprecipitation 0.5C/100 135 mAh g� 1 95% 18 
coprecipitation 1 C/200 129 mAh g� 1 94% 19 
coprecipitation 1 C/200 133 mAh g� 1 94.2% This work  

Fig. 8. The cycling performance of the coprecipitation LNMO/LTO full cells 
at 1 C. 
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4. Conclusion 

By using water and ethanol as cosolvent for coprecipitation, we 
prepared spherical multilevel structure LNMO after a simple calcination. 
The variation of cosolvent has nonnegligible effect on the structure and 
electrochemical performance of final products. When the proportion of 
ethanol to water was adjusted to a suitable value, the dielectric constant 
of solution obtained a moderate reduction, accompanying with the 
elevation of precipitation rate. On this basis, we can rapidly prepare the 
precursors in an hour. When used as a cathode for lithium ion batteries, 
the LNMO product exhibited a capacity of 141 mAh g� 1 at 1 C and 114 

mAh g� 1 even at 10 C. It showed a retention of 94.2% after 200 cycles. A 
full cell with Li4Ti5O12 was assembled and delivered superior matching 
performance. It reached a capacity over 132 mAh g� 1 at 1 C and a high 
retention of 92.4% after 200 cycles. The high electrochemical perfor
mance could be attributed to its multistage structure. Even at the 
elevated temperature of 55 �C, the material presented good performance 
with 133.2 mAh g� 1 and maintained 93.3% after 100 cycles. Consid
ering about the convenience of synthesis and the outstanding electro
chemical performance of LNMO, we believe that it is promising for 
commercial applications. 

Fig. 9. (a) Charge and discharge curves of the cells with coprecipitation LNMO cathode at 55 �C. (b) Cycling performance of the coprecipitation LNMO product. The 
charge and discharge current density were 1 C at 55 �C. 

Fig. 10. (a) EIS spectra of the samples before and after 200 cycles in the frequency range from 100 kHz to 0.01 Hz at 25 �C and the equivalent circuit. (b) Relationship 
between ZRe and square root of frequency (ω� 1/2) in a low frequency region. (c) EIS spectra of the samples at 55 �C before and after 100 cycles in the frequency range 
from 100 kHz to 0.01 Hz. (d) Relationship between ZRe and square root of frequency (ω� 1/2) in a low frequency region. 
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