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Abstract LiNi0.5Mn1.5O4 cathode material was prepared by
electrospinning using lithium hydroxide, manganese acetate,
nickel acetate, acetic acid, ethanol, and poly(vinyl pyrrol-
idone) as raw materials. The effect of calcination temperature
on the structure, morphology, and electrochemical properties
was invest igated. XRD resul ts indicate that the
LiNi0.5Mn1.5O4 composite is well crystallized as a spinel
structure at calcination temperature of 650 °C for 3 h. SEM
results reveal that this composite has a nanofiber shape with
average size of about 300–500 nm. Electrochemical perfor-
mance tests reveal that this composite shows the initial dis-
charge capacity of 127.8 and 105 mAhg−1 at 0.1 and 3 C rates,
respectively, and exhibits good cycling performance.
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Introduction

In order to satisfy the requirements of high energy density and
working voltage of Li-ion batteries for electric vehicles (EVs),
hybrid electric vehicles(HEVs), and communication engineer-
ing, cathode materials with high operating potentials(>4.5 V
vs. Li/Li+) have attracted amounts of attention in the current
Li-ion battery industry.

The most wildly used cathode materials for the present
commercialized lithium-ion batteries are LiCoO2, LiFePO4,

and LiMn2O4. But LiCoO2 and LiFePO4 have different limi-
tations and disadvantages during their use. LiCoO2 is difficult
to be widely applied in the field of power battery due to its
high cost and the toxicity of cobalt. LiFePO4 is hard to satisfy
the requirements of large energy storage systems because of
its small tap density and low discharge voltage. Spinel
LiMn2O4 is one of the most promising cathode material due
to low cost, abundant resources, and nontoxicity [1, 2].
However, the spinel LiMn2O4 electrode suffers from a poor
cycling behavior and severe capacity fading at elevated tem-
perature [3, 4]. To improve the cycling performance and sup-
press capacity fading, Liu et al. [5] enhance the electrochem-
ical performance of the LiMn2O4 hollowmicrosphere cathode
with a LiNi0.5Mn1.5O4 coated layer. Metal doping method has
also been applied to synthesis spinel LiMxMn2-xO4 (M=Ni,
Mg, Co, Fe) [6, 7]. Among all possible compositions,
LiNi0.5Mn1.5O4 is the most attractive material with a typical
capacity more than 135 mAhg−1 (≥92 % of theoretical value)
and a plateau voltage of capacity at around 4.7 V [8, 9].

A variety of synthetic methods for the preparation of
LiNi0.5Mn1.5O4 have been reported, such as solid-state reactions
[10], co-precipitation [11, 12], sol–gel [13–15], and so forth.
The electrochemical performance of electrode materials is
strongly influenced by synthesis methods. LiNi0.5Mn1.5O4 spi-
nel material prepared by solid-state method produces larger par-
ticles of irregular shape, poor control of stoichiometry, and so
on. LiNi0.5Mn1.5O4 spinel material prepared by sol–gel method
can produce highly homogeneous, smaller particles with good
crystallinity while it requires high calcination temperature. Co-
precipitation process also can produce small particles with uni-
form particle distribution and good crystallinity, but the whole
synthesis route is complicated and time-consuming.

One-dimensional nanofibers constructed with nanoparticle
subunits can effectively keep the contact areas large and fully
realize the advantage of nanosized active materials. Zheng
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et al. [16, 17] have successfully synthesized nanosheets and
microspheres of VPO4/C, the conclusion shows. The VPO4/C
nanosheets deliver a much higher electrochemical perfor-
mance than the VPO4/C microsphere does, which can be at-
tributed to the nanosheet structure. Increasing the interfacial
reaction area between the active material and the electrolyte
and decreasing the Li-ion diffusion length in the active mate-
rial both contribute to a high Li insertion–extraction rate [18].
Fibers can be obtained by electrospinning process; the as-
prepared electrospinning nanofibers of LiNi0.5Mn1.5O4 were
expected to improve its electrochemical properties due to its
small particles and short diffusion distance of lithium-ion [19].
However, electrospinning technique was seldom used to pro-
duce nanostructured LiNi0.5Mn1.5O4. Xu et al. [20] have suc-
cessfully prepared LiNi0.5Mn1.5O4 cathode material by the

electrospinning method, and his point is about the impact on
morphology of different heating rates. Liu et al. [21] have also
successfully prepared LiNi0.5Mn1.5O4 cathode material by the
electrospinning method, and his point is about the advantage
of this method. The electrochemical performance of the sam-
ple synthesized by the electrospinning method is better than
the sample synthesized by the common poly(vinyl pyrrol-
idone) powder (PVP)-assisted sol–gel method. In this paper,
the LiNi0.5Mn1.5O4 cathode material has been successfully
prepared by an electrospinning method and the different elec-
trochemical performances due to unequal annealing tempera-
tures are investigated. The formation of LiNi0.5Mn1.5O4 fibers
of submicron or nanometer size is thought to enhance electro-
chemical performance by reducing the transport path lengths
of lithium ions and electrons. In addition, decreasing the

Fig. 1 Crystal structure diagram
of LiNi0.5Mn1.5O4 in two
different space groups. a Face-
centered spinel (Fd3m); b
primitive simple cubic
(P4332) [22]

Fig. 2 FTIR curves of LiNi0.5Mn1.5O4 synthesized at different
temperatures

Fig. 3 XRD patterns of LiNi0.5Mn1.5O4 synthesized at different
temperatures
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crystallite size is important for the electrode–electrolyte inter-
face and may also reduce the mechanical lattice strain upon Li
insertion/extraction [21].

Experimental

LiNi0.5Mn1.5O4 was prepared by an electrospinning method
using lithium hydroxide, manganese acetate, nickel acetate,
acetic acid, ethanol, and poly(vinyl pyrrolidone) as the starting
materials. Firstly, 0.42 g LiOH·H2O, 3.68 g Mn(CH3COO)2·
4H2O, and 1.24 g Ni(CH3COO)2·4H2O were dissolved in
18 g acetic acid and then the solution was heated to 80 °C
under constant magnetic stirring, which was named S1.

Secondly, 8 g PVP (Mw= 1,300,000) was dispersed in
100 ml ethanol, to prepare the solution named S2, and then
18 g S2 was added into S1. The mixed solution was further
stirred at room temperature to get the uniform sol.

The as-obtained spinnable sol was loaded into a plastic sy-
ringe equipped with a needle tip. A positive terminal was con-
nected to the tip. The as-synthesized nanofibers were collected
in an aluminum foil. The distance between the tip and the col-
lector was 15 cm and the applied voltage was 12 kV. The
aluminum foil covered with nanofibers was dried in an oven
at 80 °C for 6 h. The nanofibers were sintered at 550–750 °C for
3 h under air atmosphere to obtain the LiNi0.5Mn1.5O4 samples.

Vertex 70 (Bruker Co., Germany) was used for Fourier
transform infrared (FTIR) study. The phase analysis of the
samples was conducted via X-ray diffraction (XRD, X’Pert
Pro) using Cu Kα radiation scanning in the range of 10° to 80°
(2θ). The morphology of the samples was observed by scan-
ning electron microscope (SEM, JSM-6380 LV).

The electrochemical characterizations were performed
using a CR2025 coin-type cell. The positive electrodes were
fabricated from 10 wt.% acetylene black, 10 wt.%
polyvinylidene fluoride (PVDF) binder, and 80 wt.% active
material. The blended slurrieswere pasted onto an aluminum

Table 1 Lattice
parameters and
crystallite size of
LiNi0.5Mn1.5O4

synthesized at different
temperatures

Temperature (°C) a (Å) D111 (nm)

550 0.8173 20.5

600 0.8176 23.8

650 0.8179 24.2

700 0.8180 31.2

750 0.8182 34.6

Fig. 4 SEM images of the
precursor and LiNi0.5Mn1.5O4

samples synthesized at different
temperatures. a Precursor
nanofibers; b 550 °C; c 600 °C; d
650 °C; e 700 °C; f 750 °C
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current collector, dried at 120 °C for 4 h in vacuum. Then, the
cells were assembled in an argon-filled glove box with
LiNi0.5Mn1.5O4 as the cathode, Li metal as the anode, and
1 M LiPF6 solution in a mixture of ethylene carbonate and
dimethyl carbonate with a volumetric ratio of 1:1 as the elec-
trolyte. The cells were charged and discharged in the voltage
range of 3.0–4.9 V at room temperature. The cyclic volt-
ammetry tests (CV) and electrochemical impedance spec-
troscopy (EIS) tests were performed with a CHI660D elec-
trochemical work station. The CV curves for the above test
cells were recorded in the potential range of 3–5 V, and EIS
experiments were carried out in the frequency range of
0.01∼ 100 kHz.

Results and discussion

It is known that the LiNi0.5Mn1.5O4 spinel has two different
space groups, the transition metal ordered P4332(P-type)
and the cation disordered Fd3m(F-type). Figure 1 shows
the crystal structure diagram of the two different space
groups [22]. Because of the similar scattering factors of Ni
and Mn, the structural difference between these two space

groups is hardly to be observed by XRD. FTIR spectra were
used to distinguish P-type and F-type. Figure 2 shows the
FTIR spectra of LiNi0.5Mn1.5O4 sintered at different tem-
peratures. For the samples sintered below 650 °C, at least
six absorption bands can be observed in the range of 450–
700 cm−1. However, for the samples sintered at 750 and
700 °C, only two broad absorption bands are observed.
The strong band around 620 cm−1 could be related to the
symmetric Mn–O stretching mode of MnO6 octahedral
(A1g), and the peak at about 500 cm−1 could be caused by
the Ni2+–O stretching mode in the structure. The peaks at
about 560 and 580 cm−1 are mainly due to the ordering
location of Ni/Mn atoms. The split of the band at 550–
600 cm−1 implies the ordered structure of the spinel struc-
ture [12]. The LiMn1.5Ni0.5O4 sintered below 650 °C shows
P4332 structure. In the ordered P4332 structure, Ni2+and
Mn4+ ions occupy octahedral 4a and 12b sites of the spinel
lattice, respectively, while these cations distribute randomly
on the octahedral 16d sites in the disordered Fd3m structure
[23]. Many researchers reported that the rate capability of-
fered by disordered Fd3m, LiNi0.5Mn1.5O4 spinels was
much better than that of ordered P4332 spinels due to the
higher electronic and ionic conductivities [24].

Fig. 5 The high-magnification
SEM images of the precursor and
LiNi0.5Mn1.5O4 samples
synthesized at different
temperatures. a Precursor
nanofibers; b 550 °C; c 600 °C; d
650 °C; e 700 °C; f 750 °C
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In Fig. 3, the XRD patterns of the LiNi0.5Mn1.5O4 samples
sintered at different temperatures are presented. It is found that
the as-prepared samples show the typical pattern of a cubic
spinel. As the sintering temperatures increase from 550 to
750 °C, the diffraction peaks become sharper and stronger, in-
dicating the improvement of crystallinity. It is noted that a small
amount of LixNi1−xO impurities appeared in the patterns of the
sample sintered at 700 °C. This is a common feature when the
Ni content (x) in the LiNixMn2-xO4 spinel exceeds 0.2 % [25].
According to the previous report [26], LiNi0.5Mn1.5O4 loses
oxygen and disproportionate to a mixture of a spinel phase
and a secondary phase LixNi1-xO because of partial reduction
ofMn4+ toMn3+ at a temperature above 650 °C. The preparation
of pure phase of controlled stoichiometry of nickel and oxygen
content in the LiNi0.5Mn1.5O4 powders is difficult due to simi-
larity in the ionic radii of Li and Ni ions, and cation dispropor-
tionate will happen, so we can also see small impurity peaks in
the patterns of the sample sintered under 700 °C. The lattice
parameters and crystallite size of the samples synthesized at
different temperatures are listed in Table 1. Clearly, a growth

of crystallites showing up followed with the increase of the
sintering temperature.

The SEM images of the precursor and LiNi0.5Mn1.5O4

samples synthesized at different temperatures are exhibited
in Fig. 4. The precursor nanofibers had smooth surface cov-
ered by a layer of polymer with a diameter of 400–600 nm.
The nanofibers were randomly oriented and interwoven like a
spider’s web. After sintering, the nanofibers remained ran-
domly oriented and displayed an interwoven architecture,
whereas their diameters decreased to 300–500 nm and the
surfaces became rough (Fig. 4b–d). The reduction of the nano-
fiber size and the roughness of the surface were probably
caused by the loss of polymer within the nanofibers. The
high-magnification SEM images were provided in Fig. 5 to
observe the surface change of LiNi0.5Mn1.5O4 cathode mate-
rials after different high-temperature annealing. With the in-
creasing of sintering temperature, the nanofibers’ size in-
creased. It was ascribed to the subunits’ growth and aggrega-
tions. Such a structure should be very favorable for lithium
storage as small particles as well as a short diffusion distance
of lithium-ion owing to the nanoscale dimensions [21].

Figure 6 shows the initial charge–discharge curves and cy-
cling performance of the samples at 0.1 C rate. It can be seen
that the samples sintered at 750 °C exhibit the highest revers-
ible initial discharge capacity of 130.3mAhg−1 and its coulom-
bic efficiency is 89 %. However, the sample sintered at 650 °C
shows the highest capacity retentions of 97.1 % after 50 cycles
and a reversible initial discharge capacity of 127.8 mAhg−1,
which is close to the capacity of samples sintered at 750 °C. Its
coulombic efficiency is also 89 %. All the curves show two
plateaus with a high-voltage plateau of approximately 4.7 V
and a low-voltage plateau of approximately 4.0 V. The high-
voltage plateau can be ascribed to the two-step oxidation/
reduction of Ni2+/Ni3+ and Ni3+/Ni4+, while the low-voltage
plateau can be attributed to the redox reaction of Mn3+/Mn4+

couples [27]. To further investigate the electrochemical perfor-
mance of LiNi0.5Mn1.5O4, their rate capabilities are compared.

Figure 7a–e presents the charge–discharge curves of the
samples at different rates. The discharge capacity of
LiNi0.5Mn1.5O4 sintered at 650 °C drops with increasing cur-
rent density, from 127.8 mAhg−1 at 0.1 C to 105 mAhg−1 at 3
C, the coulombic efficiency decreases from 89 to 87 %, and
the voltage plateau shifts from 4.7 to 4.1 V. The results were
superior to those of other samples. The improved cycling per-
formance and rate capacity can be partially attributed to the
high electronic and ionic conductivity resulted from the small
particles as well as a short diffusion distance of lithium-ion.

Figure 7f shows the cyclic stability of LiNi0.5Mn1.5O4 sam-
ples at different rates. It can be seen that all the samples exhibit
excellent cycling performance at low current rate. The sample
sintered at 750 °C shows a discharge capacity of 127.9 and
97 mAh g−1 at 0.5 and 3 C rate, respectively, which are 98.2
and 75.4 % of its capacity at 0.1 C rate. The sample sintered at

Fig. 6 a Initial charge–discharge curves and b cycling performance of
LiNi0.5Mn1.5O4 synthesized at different temperatures

Ionics (2016) 22:2037–2044 2041



650 °C shows a discharge capacity of 125.6 and 105 mAh g−1

at 0.5 and 3 C rate, respectively, which are 98.3 and 82.2 % of
its capacity at 0.1 C rate. The significant difference in rate
capability is observed at 3 C rate. The sample sintered at
650 °C exhibited much better electrochemical properties than
did other samples, which was mainly because the fibers of the
samples sintered at higher temperatures became large and ag-
gregate, resulting in the increase of the charge transfer resis-
tance (Rct), and the reduction of the electrical conductivity of
LiNi0.5Mn1.5O4, which is consistent with the results of Fig. 8

Figure 8 shows theAC impedance spectra of electrodesmade
of different LiNi0.5Mn1.5O4 samples. It can be seen that the
fitting results are in good agreement with the experimental data,
indicating that the equivalent circuit is reasonable. In the circuit,
the Rs represents the ohmic resistance of the electrolyte and
electrode, as the intercept impedance on the z-axis. The CPE1

Fig. 7 The rate performances (a–
e) and cycling performances (f) of
LiNi0.5Mn1.5O4 samples
synthesized at different
temperatures

Fig. 8 AC impedance spectra of electrodes made of different
LiNi0.5Mn1.5O4 samples and their corresponding equivalent circuit
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represents the double layer capacitance, a parameter to fit the
testing data. The Rct represents the charge transfer resistance of
electrochemical reaction, and the W1 represents the diffusion-
controlledWarburg impedance. According to the equivalent cir-
cuit, the diameter of the semicircle represents the sum of the film
resistance of Li+ diffusion and charge transfer resistance. The
parameters of the equivalent circuit are shown in Table 2. It is
found that the charge transfer resistance of the sample sintered at
650 °C (122.3Ω) is much lower than that of the sample sintered
at 750 °C (407.2Ω), indicating that the electrical conductivity of
the sample sintered at 650 °C is higher than that of the sample
sintered at 750 °C. According to Fig. 5, the nanofibers of the
sample sintered at 650 °C are smooth and interwoven like a
spider’s web, while the nanofibers of the sample sintered at
750 °C are rough and fractured. It is clear that the sample
sintered at 650 °C has a smaller polarization and Li+ diffuses
easier. They result in the lower charge transfer resistance.

In Fig. 9, the cyclic voltammetry curve of the LiNi0.5Mn1.5O4

cathode is exhibited. The sweep rate is 0.05mV/s and the sweep
voltage is 3.5–5 V. As shown, there are three oxidation peaks in
the potential range of 3.5–5 V, which are in agreement with the
charge/discharge curves (Fig. 6). The two oxidation peaks near
4.8 V are induced by a successive increase of Ni ionicity,
Ni2+→Ni3+ and Ni3+→Ni4+, respectively. The cathode ex-
hibits small redox peaks near 4 V which are attributable to
Mn3+/Mn4+ redox. The potential differences between cathodic
and anodic peaks are 0.24 and 0.29V, respectively. These results

indicate that the LiNi0.5Mn1.5O4 cathode possesses a small po-
larization and has a good cycling performance.

Conclusion

LiNi0.5Mn1.5O4 cathode material can be successfully synthe-
sized by electrospinning. The synthesized sample shows a
nanofiber shape and that the average size is about 300–
500 nm. The sample sintered at 650 °C exhibits the best elec-
trochemical property. The initial discharge capacity of the
sample is 127.8 mAh g−1 at 0.1 C rate and exhibits good rate
capability and cycling performance. Because of the short dif-
fusion distance and small particles, the electronic and ionic
conductivity can be improved. The as-prepared nanofibers of
LiNi0.5Mn1.5O4 exhibits remarkably better electrochemical
performance compared with octahedron shape.
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