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Abstract LiNi0.5Mn1.5O4 cathode materials were success-
fully prepared by sol–gel method with two different Li
sources. The effect of both lithium acetate and lithium
hydroxide on physical and electrochemical performances of
LiNi0.5Mn1.5O4 was investigated by scanning electron
microscopy, Fourier transform infrared, X-ray diffraction,
and electrochemical method. The structure of both samples
is confirmed as typical cubic spinel with Fd3m space group,
whichever lithium salt is adopted. The grain size of
LiNi0.5Mn1.5O4 powder and its electrochemical behaviors
are strongly affected by Li sources. For the samples
prepared with lithium acetate, more spinel nucleation
should form during the precalcination process, which was
stimulated by the heat released from the combustion of
extra organic acetate group. Therefore, the particle size of
the obtained powder presents smaller average and wider
distribution, which facilitates the initial discharge capacity
and deteriorates the cycling performance. More seriously,
there exists cation replacement of Li sites by transition
metal elements, which causes channel block for Li ion
transference and deteriorates the rate capability. The

compound obtained with lithium hydroxide exhibits better
electrochemical responses in terms of both cycling and rate
properties due to higher crystallinity, moderate particle size,
narrow size distribution and lower transition cation substi-
tute content.
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Introduction

Lithium-ion battery is considered as an alternative to
conventional power source for space devices, portable
electronic devices, and electric vehicles (EV) owing to its
high energy or power density as well as long cycle lifespan
[1–4]. However, the performance and the utilization of
batteries are limited by the property of cathode materials, so
the investigation on the cathode material and the improve-
ment of its performance attract considerable interest.
LiMn2O4 spinel has been studied extensively as cathode
material with economical and environmental advantages,
such as low cost, low toxicity, and easy manufacture [5, 6].
However, the serious capacity decay upon cycling due to
the Jahn–Teller effect of Mn3+ hinders its large-scale
application in industry [7]. Substantive works focus on the
replacement of Mn by substitute metals or surface coating
for improving the performance. Among these approaches,
LiNi0.5Mn1.5O4 spinel is considered as an attractive
candidate because the Ni2+ substitution not only overcomes
the drawback of lattice distortion but also enlarges the
working voltage window up to near 5 V [8]. For
processions of the above merits, LiNi0.5Mn1.5O4 is regarded
as a promising 5 V class cathode material for high power
EV applications.
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It is well known that the physical and the electrochem-
ical performances of cathode material are strongly depen-
dent upon the synthesis method and the property of
reagents [9]. LiNi0.5Mn1.5O4 can be prepared with different
methods, including molten salt method [10], sol–gel
method [11, 12], solid-state method [13, 14], emulsion
drying method [15], composite carbonate process [16], co-
precipitation [17], and so forth. Among these methods, the
sol–gel is recognized as an effective production technique
in homogeneously mixing all reagents at atomic or
molecular level, extremely allowing careful control of the
stoichiometric amount and final particle size [18, 19].
Besides, the reagent selection is another factor for excellent
performances. Recently, a series of LiFePO4 cathodes were
prepared with hydrothermal method. Their preferred crystal
growth orientation and electrochemical performances could
be significantly influenced by the adopted Li source [20]. In
the case of LiNi1−yCoyO2 specimens, the desired electro-
chemical behavior also could be obtained by choosing
special Li source [21]. Accordingly, the selection of starting
Li salt is of importance in the preparation of spinel with
better behaviors. However, to the best of our knowledge,
the effect of Li source on the performances of
LiNi0.5Mn1.5O4 spinel has not been reported yet.

In this paper, the spinel cathode material is prepared with
sol–gel method using two different Li sources, and the
effect of both starting salts on physical and electrochemical
properties is discussed.

Experimental

Synthesis procedure

All chemical reagents used in this study were analytical
reagent grade. LiNi0.5Mn1.5O4 powders were prepared with
sol–gel method. In brief, LiOH·H2O or LiOOCCH3·2H2O
(denoted as LiAC), Ni(CH3COO)2·4H2O, and Mn
(CH3COO)2·4H2O (cationic mole ratio of Li/Ni/Mn=
1:0.5:1.5) were dissolved in a continuously stirred aqueous
solution of citric acid. After adjusting the pH of the solution
to 7.0 by adding ammonium hydroxide, the solution was
evaporated at 75 °C until a wet gel is obtained. Then, the
gel was dried at 90 °C under vacuum atmosphere and pre-
sintered at 450 °C for 5 h in air. Thereafter, the final
powders were obtained by calcination at 850 °C for 18 h.

Physical characterization

The powder X-ray diffraction (XRD) was used to charac-
terize the crystallographic structure of LiNi0.5Mn1.5O4

powder on Rigaku D/max-2000 X-ray diffractometer with
monochromated Cu Kα radiation (45 kV, 50 mA). Fourier

transform infrared spectra (FTIR) of samples were
performed on an Avatar 360 FTIR spectrophotometer
(NICOLET) using KBr pellet technique. The particle
morphology of powders was observed using a scanning
electron microscope (SEM, HITACHI, S-4700). The dif-
ferential scanning calorimetry (SETARAM, DSC141) was
performed with a heating rate of 5 °C min−1 in air.

Electrochemical tests

The as-prepared LiNi0.5Mn1.5O4, carbon black, and polyviny-
lidene fluoride were mixed with a weight ratio of 8:1:1 in N-
methyl pyrrolidinone to prepare the positive electrode. The
slurry was coated onto aluminum foil with doctor blade
technique and dried at 120 °C for 12 h in vacuum, then dried
again at 80 °C for more than 10 h in vacuum after being
pressed. CR2025 button testing cells, using pure metallic
lithium disk and LiNi0.5Mn1.5O4 film as anode and cathode,
porous polypropylene film as separator, respectively, were
assembled in an argon-filled glove box. The electrolyte (1 M
LiPF6 in ethylene carbonate and dimethyl carbonate, 1:1
volume rate) was injected in testing batteries. A neware battery
testing system (CT-3008W) was used for cycling and rate
capability testing in the range from 3.0 to 4.95 V at specific
rate (the calculated 1 C=148 mA g−1) at room temperature.

Results and discussion

DSC analysis

Since the precursor strongly influences the particle nature
of the produced material, Differential scanning calorimetry
(DSC) measurements were performed for investigating the
thermal decomposition behavior of both precursors com-
posed of the acetate and the hydroxide, respectively. The
experimental results are shown in Fig. 1, from which we
can see similar curves are observed for both precursors,
including an endothermic peak located at around 175 °C
and two well-resolved exothermic peaks situated at the
following high temperature range. The weak endothermic
peak can be attributed to the removal of absorbed water
[22], while the exothermic peak at the lower temperature
position arises from the combustion of organic components
in the precursor, and the other exothermic peak observed at
the higher temperature location is caused by the formation
of spinel [23]. It is worth noting that the exothermic peak at
the lower temperature for the precursor prepared with LiAC
is more intensive than that of precursor made from LiOH.
This is due to the extra heat release from the acetate organic
group in LiAC, since the preparation condition of both
precursors is identical except for Li source. On the contrary,
the other exothermic peak of the precursor comprising
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LiAC is weaker than that of the precursor based on LiOH
and has a higher temperature shift. This indicates a lower
crystal growth rate and is caused by the faster nucleation
during the organic combustion process. It is reported that
the crystal formation can be divided into nucleation and
subsequent growth two processes, which occur simulta-
neously [24]. Accelerating the nucleation rate can restrain
the growth rate since the provided stating sources are
limited, and smaller particles can be obtained in the final
powder [25]. In the case of LiAC precursor, greater heat
released from the combustion of extra acetate organic
component facilitates the nucleation, which further retards
the crystal growth. Consequently, the sample prepared with
LiAC should comprise considerable small particles, com-
pared with the powder synthesized with LiOH.
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Fig. 1 DSC curves for the precursors prepared with LiAC and LiOH
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Fig. 2 SEM images of the LiNi0.5Mn1.5O4 powders prepared with
LiAC (a) and LiOH (b)
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Fig. 3 FTIR spectra of the LiNi0.5Mn1.5O4 spinels prepared with
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Fig. 4 XRD patterns of the LiNi0.5Mn1.5O4 powders prepared with
LiAC and LiOH
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Morphology

SEM provides information about the surface morphology
and homogeneity of the prepared LiNi0.5Mn1.5O4 particle.
Figure 2 shows the morphology of LiNi0.5Mn1.5O4 pre-
pared with different Li sources. The SEM observation
indicates that the average particle size of the sample
prepared with LiOH is about 2 μm (see Fig. 2b) and that
of the other sample decreases to approximately 1 μm due to
the appearance of considerably small particles with about
500 nm in size (see Fig. 2a). The result is consistent with
the above DSC analysis, and the sample based on acetate
has a relatively wider particle size distribution.

FTIR analysis

As well known, LiNi0.5Mn1.5O4 spinel presents Fd3m and
P4332, two different space groups that are distinguished
with each other by Ni ordering in the lattice [26]. FTIR is a
local probe sensitive to the crystal symmetry and an
effective approach to judge the ordering of cations [27];
here, the FTIR spectra of spinels obtained with different Li
sources between 700 and 420 cm−1 are shown in Fig. 3.
According to previous reports [28–30], more intensive band
at 623 cm−1 compared with that at 587 cm−1, and the absent
or undefined bands at 650 and 428 cm−1 are special features
for the space group of Fd3m. Accordingly, both cathode
materials possess a disordered structure with a space group
of Fd3m. The atom sites of this structure can be determined
as that Li atoms occupy tetrahedral (8a) sites, Ni and Mn
atoms are randomly located at octahedral (16d) sites, and O
atoms are situated in octahedral (32e) sites [31, 32].

XRD analysis

XRD patterns of LiNi0.5Mn1.5O4 powders prepared with
different Li sources are shown in Fig. 4. All of the peaks in
both X-ray diffraction patterns can be assigned to a cubic
spinel structure. It is evidenced that the narrower full width
at half maximum of peaks belongs to the sample prepared
with LiOH, indicating a better crystallinity and larger
particle size [33]. For both powders, very weak impurity
peaks indexed to NiO are detected at the left shoulders of
(4 0 0) and (4 4 0) diffraction peaks. This is an ordinary
occurrence as the Ni content in spinel exceeds 0.2 [34] and
originates from the oxygen release at high sintering
temperature. Meanwhile, an accompanied reduction transi-

tion between Mn4+ and Mn3+ takes place for keeping
electroneutrality. The appearance of weak (2 2 0) reflections
demonstrates that some transition metal Mn ions are located
in 8a sites with regard to the intense occupying propensity
of Ni2+ ions in 16d sites, which can act as a deterrent for
Li+ diffusion [35]. Besides, Wang has pointed out that the
increase in the intensity ratio of (3 1 1)/(4 0 0) reflects a
more serious cation mixing [36]. For further understanding
the crystal chemistry, the ratios and the lattice parameters
are calculated and summarized in Table 1. As shown, the
sample prepared with LiAC has larger ratio and smaller cell
parameter than those of the sample based on hydroxide.
This can be explained as that the radius of Li+ at 8a site is
larger than the transition metal element; thus, the replace-
ment shrinks the cell volume, which further confirms the
relatively serious transition cation substitution in the sample
obtained with LiAC. The effect of Mn3+, which has a larger
radius than the oxidative Mn4+ ion, is neglected because of
the same preparation conditions.

Electrochemical characterizations

The charge and discharge curves of LiNi0.5Mn1.5O4 cathode
materials prepared with both Li sources at 0.2 C rate are
shown in Fig. 5. In order to better describe the electrochem-
ical behavior, the fifth cycle is selected to avoid the
interference from the electrode activation. It is clear that both
electrochemical curves exhibit similar voltage plateaus at
about 4.1 and 4.7 V, which are attributed to the Mn3+/Mn4+

Li sources Lattice parameter (nm) Unit cell volume (nm3) I(311)/I(400)

LiAC 0.8154 0.5421 0.92

LiOH 0.8170 0.5453 0.91

Table 1 Structure parameters of
the LiNi0.5Mn1.5O4 cathodes
synthesized with LiAC and
LiOH
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Fig. 5 Charge–discharge curves of the LiNi0.5Mn1.5O4 cathodes
prepared with LiAC and LiOH at 0.2 C
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and Ni2+/Ni4+ redox couples, respectively [37, 38]. Moreover,
each charge curve consists of two close but distinct plateaus,
which is a feature of the space group of Fd3m and consistent
with the result of FTIR test [39]. Both cathodes exhibit an
identical discharge capacity, which suggests that there is no
difference in low rate discharge capability for the sample
based on both Li sources. However, a less capacity is charged
for the sample prepared with LiOH, indicating an advanta-
geous efficiency.

The cycling performances of both as-prepared spinels
measured at 0.2 C rate between 3.0 and 4.95 V versus Li
are shown in Fig. 6. It is obvious that the compound
prepared with LiOH has stable cycling behaviour, while the
other presents an obvious capacity decrease upon cycling.
The abrupt capacity decay can be explained by the small
particle size, wide grain size distribution, as well as inferior
crystallinity [10, 40, 41]. Small particles could supply
larger surface area where the corrosion reaction occurs
between the cathode surface and the electrolyte at the high
operating voltage. Combined with the instable structure
with poor crystallinity, the active material surface is more
liable to be attacked by HF, which is one of the products of
side reaction between the electrolyte and the trace H2O and
could reproduce during the corrosion process. The corro-
sion results in the dissolution of transition metal elements,
the acceleration of electrolyte decomposition, the sequent
deposition of inactive compounds on cathode surface, and
finally, the deterioration of cyclability. However, for initial
several cycles, the capacities of the electrode synthesized
with LiAC surpass that of the other electrode with LiOH.
Therefore, the small particle size benefits a higher begin-
ning discharge capacity due to the fact that small particles
are more reactive toward Li+ ions [42]. The capacities after
40 cycles account for 89 and 96% of the maximum valve of
cathodes fabricated with LiAC and LiOH, respectively.
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The importance of high power applications requires
battery possessions of high rate performance; therefore,
galvanostatic discharge curves measured at different rates
from 0.2 to 5 C between 3.0 and 4.95 V versus Li are
plotted in Fig. 7. The cell is charged at 0.2 C rate before
discharge test. With the discharge current increasing, cells
generally exhibit a gradual decrease trend in discharge
plateaus. The lowest plateau is observed for the electrode
prepared with LiAC at the rate of 5 C, indicating an
enormous polarization. The possible reason may be
associated with the large replacing degree in Li sites by
transition metal cations. In a spinel framework structure,
transition metal ions at the tetrahedral sites normally
impede lithium ion transportation; therefore, the Li ions
are forced to travel tortuous paths, which leads to
polarization at the condition of large current. The discharge
capacities of the as-prepared LiNi0.5Mn1.5O4 are 112.85 and
121.25 mAh g−1 at 3 C rate and 94.22 and 115.47 mAh g−1

at 5 C rate for the compound based on LiAC and LiOH,
respectively. In order to reveal the rate capability of both
cathodes, capacities have been assumed to be 100%
capacity for the value measured at the rate of 0.2 C. The
retentions of both cathodes as a function of discharge rate
are presented in Fig. 7c. It is worth noting that the discharge
capacity decays at the beginning low rates for both
cathodes are relatively slow, while the capacity decays are
rapid for the following high rates. However, over 90% of
the initial capacity is maintained at 5 C for the electrode
based on LiOH, while the counterpart is around 75%. The
good rate performance can be attributed to the lower degree
of cation mixing and the higher crystallinity, which is very
important for maintaining the lithium ion diffusion pathway
in the spinel structure [43].

Conclusions

In this study, spinel LiNi0.5Mn1.5O4 cathode materials were
successfully synthesized with sol–gel method. The effect of
different Li sources, lithium acetate and lithium hydroxide, on
physical and electrochemical properties of LiNi0.5Mn1.5O4

cathode materials is discussed. The experimental results show
that the precursor obtained with lithium acetate releases
greater amount of heat during the precalcination process,
which benefits the spinel nucleation. Consequently, the
resultant powder possesses smaller average particle size and
wider grain distribution, which results in high initial discharge
capacity and severe capacity decay. The discharge behavior at
5 C rate is dramatically deteriorated due to more serious
replacement in Li sites by transition metal elements. The
sample prepared with lithium hydroxide exhibits stable
cycling and outstanding rate performances on account of the
high crystallinity and narrow particle size distribution. A high

capacity retention accounting for 96% of the maximum is
maintained after 40 cycles, and high discharge capacities of
121.25 and 115.47 mAh g−1 are obtained at the rate of 3 and
5 C, respectively. It is suggested that lithium hydroxide is an
advisable Li source for the fabrication of LiNi0.5Mn1.5O4

spinels in normal and high power applications compared with
lithium acetate.
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