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a b s t r a c t

LiNi0.5Mn1.5O4 has been synthesized by carbon combustion synthesis (CCS) using carbon as fuel. X-ray
diffraction (XRD) and scanning electron microscope (SEM) measurements showed that the carbon com-
bustion led to the formation of LiNi0.5Mn1.5O4 with the spinel structure. The structure and particle-size
ccepted 14 February 2009
vailable online 3 March 2009
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ithium ion battery

can be adjusted by the amount of carbon used in the CCS. For the LiNi0.5Mn1.5O4 sample prepared with
a carbon/Li molar ratio of 0.25, the particle-size distribution fell in the narrow range of 1–2 �m. Electro-
chemical tests indicated that this LiNi0.5Mn1.5O4 sample delivered a discharge capacity of 131.7 mAh g−1

with a capacity retention rate 99.3% after 20 cycles.
© 2009 Elsevier B.V. All rights reserved.
athode material

iNi0.5Mn1.5O4

arbon combustion synthesis

. Introduction

Lithium ion batteries, with transition-metal compounds as
athodes and lithium- or carbon-based anodes, are most attrac-
ive as portable power sources for various electronic devices
1–3]. Among numerous transition-metal compounds, manganese
xide-based compounds are particularly attractive as cathodes
ecause of their low cost and non-toxicity. Recently, a series
f transition metal-substituted spinel lithium manganese oxides
LiMxMn2−xO4; M = Cr, Co, Fe, Ni and Cu) have been synthesized
4–8] that have high-voltage plateaus greater than 4.5 V. Among
hese doped materials, LiNi0.5Mn1.5O4 has received considerable
ttention because of its good cyclic properties and relatively high
apacity, with a plateau at around 4.7 V [7,9,10].

Many approaches have been used to synthesize LiNi0.5Mn1.5O4,
ncluding solid-state reactions [10], sol–gel technology [11,12],
o-precipitations [13], emulsion drying [14], molten salt technol-
gy [15] and spray pyrolysis [16]. However, solid-state reaction
ynthesis is time-inefficient and energy-ineffective. The product
ynthesized by this method has irregular morphology, and a broad
article-size distribution [10]. The soft solution process is also
nfavorable because it is complicated and employs a number of

olvents and organic materials, such as citric acid, ethylene glycol
nd polyvinyl alcohol.

To get around these limitations, a solution combustion method
sing a mixture of sucrose and nitrates has been carried out to

∗ Corresponding author. Tel.: +86 771 3233718; fax: +86 771 3233718.
E-mail address: wenyanxuan@vip.163.com (Y. Wen).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.02.092
produce high-quality LiNi0.5Mn1.5O4 [17]. Typically, the exother-
mic reaction between sucrose and nitrates was used to generate
a large amount of heat, which converted the reaction mixture to
the oxide precursor, and then the oxide product was obtained by
heat-treatment. However, the evaporation of water in this method
prolonged the preparation time, which complicated the process.

Self-propagating high-temperature synthesis (SHS) is a partic-
ular process leading to the formation of metal alloy and oxide. In
this process, a highly exothermic reaction between metal powder
and oxidizer generates a high-temperature front that propagates
through the reactant mixture, converting them to products [18].
However, SHS cannot be used when the pure metal combustion is
either expensive or not highly exothermic, or when the pure metal is
either highly pyrophoric or melts at room temperature [19]. Carbon
combustion synthesis (CCS) is a modified form of traditional SHS,
which uses cheap carbon as fuel rather than the expensive metal
[19]. Recently, LaGaO3 [19] and LiCoO2 [20] have been synthesized
by CCS.

In this work, we have synthesized the LiNi0.5Mn1.5O4 spinel
material by carbon combustion synthesis (CCS). XRD and SEM were
used to investigate the effect of the amount of carbon on the par-
ticle size and the structure of the LiNi0.5Mn1.5O4 powders. The
LiNi0.5Mn1.5O4 powders thus obtained have good electrochemical
performance.
2. Experimental

To synthesize LiNi0.5Mn1.5O4 spinel material, Li2CO3, NiO and Mn3O4 (AR, Beijing
Chemical Reagent Co.) at a molar ratio of Li:Ni:Mn = 1.00:0.50:1.50 were thoroughly
mixed with carbon in a planetary mill (QM-ISP4). The mixtures were first ignited
at 800 ◦C, and then heated to 900 ◦C for 3 h before being allowed to cool down to

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:wenyanxuan@vip.163.com
dx.doi.org/10.1016/j.jallcom.2009.02.092
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Table 1
Structure parameters of samples prepared using different carbon/Li mole ratios.

Samples Lattice parameter (Å) Unit cell volume (Å3) I(311)/I(400)

C-20 8.188 548.95 0.91
L. Zhang et al. / Journal of Alloys

T in air. The phase composition and structure of the powders were identified by
-ray diffraction (XRD, Rigaku D/MAX2500 V diffractometer with Cu K� radiation),
nd the particle morphologies of the samples were examined with a scanning elec-
ron microscope (SEM, Hitachi S-4500 SEM). FT-IR spectroscopy of the samples was
erformed using a Nicolet Nexus 470 FT-IR spectrophotometer with a resolution of
cm−1. A total of 1.5 mg of the sample dried at 120 ◦C was thoroughly mixed with
00 mg KBr and pressed into pellets and the scans were performed immediately to
void water absorption. The frequency range was 700–400 cm−1.

Electrochemical characterizations of the products were performed using CR2032
oin-type cell. The charge–discharge tests of the cells were performed on a CTA2001
attery testing system (Wuhan, China) at 75 mA g−1 between 3.3 and 4.9 V (ver-
us Li/Li+). Slurry was formed by mixing LiNi0.5Mn1.5O4, carbon black and Teflon
PTFE) binder with a weight ratio of 70:20:10. The mixed slurry was coated on to
n aluminum current collector. The electrodes were dried under vacuum at 120 ◦C
or 24 h and then punched and weighed. The electrochemical cells were assembled
n a glove box under a dry and high purity argon atmosphere. The complete coin
ell comprises a cathode, a celgard 2300 as the separator and lithium foil anode.
M LiPF6 dissolved in a mixture of ethylene carbonate (EC) and dimethyl carbonate

DMC) (1:1 by volume) was used as the electrolyte.

. Results and discussion

.1. XRD analysis

After ignition at 800 ◦C, the exothermic reaction between carbon
nd oxygen (�H = 393.5 kJ mol−1) in air provides the heat for the
olid reactions. The production of LiNi0.5Mn1.5O4 by CCS involves
he following reaction:

Li2CO3 + NiO + Mn3O4 + O2 + �(C + O2)

= 2LiNi0.5Mn1.5O4 + (� + 1)CO2↑ (1)

ccording to reaction (1), the heat released by the carbon combus-
ion increases with an increase of the amount of carbon, and that
auses the increase of the CCS reaction temperature. The combus-
ion features and product properties may be adjusted by amount of
arbon in the reactant mixture.

To investigate the effect of the amount of carbon, LiNi0.5Mn1.5O4
owders were synthesized with carbon/Li mole ratios of 0.20, 0.25,
.35 and 0.50, and the samples obtained were named C-20, C-25,
-35 and C-50, respectively. From Fig. 1, the XRD patterns for the

ynthesized materials contain the characteristic peaks of the cubic
pinel structure. For all products, weak impurity peaks were found
t 44◦ (2�), and their intensities first decreased and then increased
ith an increase in the amount of carbon. According to previous

eports [7,21], the impurity in the samples should be LixNi1−xO. The

ig. 1. X-ray diffraction pattern of samples prepared using different carbon/Li mole
atios.
C-25 8.175 546.34 0.99
C-35 8.180 547.34 0.96
C-50 8.186 548.55 0.97

impurity in the C-20 sample may be due to insufficient reaction
temperature, and that in the other samples may be the result of an
excursion to a high temperature environment generated by the car-
bon combustion. As one part of the Ni2+ is removed, the oxidation
state of manganese in LiNi0.5Mn1.5O4 decreases, that is, some Mn3+

ions appear, which results an increase of the lattice parameter and
a discharge plateau at 4 V.

Lattice parameters were calculated with the aim of further
investigating the structural factors that are responsible for the elec-
trochemical performance. The impurity phase was not included in
the calculation process. The results are summarized in Table 1. It
is clear that the lattice parameter at first decreased from 8.188 to
8.175 Å, then increased to 8.186 Å with increase of the carbon/Li
mole ratio from 0.2 to 0.5. This result indicates an increase of the
amount of Mn3+ in the resulting powders when the amount of
carbon had exceeded its optimum value.

It has been reported that the intensity ratio of the I(311)/I(400)
peaks reflects the structural stability of the [Mn2]O4 spinel frame-
work [22,23]. The I(311)/I(400) ratio for samples C-25, C-35 and C-50
was higher than 0.95, indicating that these samples show good
structural stability. The tiny structural difference may result from
the different synthetic conditions formed by the carbon combustion
with different carbon/Li mole ratios. Therefore, the structural dif-
ference resulting from the intensity ratio of I(311)/I(400) peaks may
be closely related to the electrochemical properties of the spinel
lithium manganese oxide. Some authors [5,24,25] have reported
that Li–Mn–O spinel compounds with I(311)/I(400) ratios between
0.96 and 1.1 have shown better electrochemical properties than
those with ratios outside this range. In our work, the I(311)/I(400)
ratios for samples C-25, C-35 and C-50 are comparable with those
of the Li–Mn–O spinel compounds reported in previous papers
[24,25]. Therefore, it is reasonable to expect that these samples
will show better electrochemical performance, and this comment
is consistent with the results provided below. However, there may
be many other factors that affect the electrochemical performance,
such as surface morphology and particle size distribution.

3.2. SEM analysis

Fig. 2 shows the SEM images of LiNi0.5Mn1.5O4 prepared using
different carbon/Li molar ratios. As the amount of carbon increases,
particles with clear octahedral shape were observed. When the car-
bon/Li mole ratio was 0.20, undeveloped octahedral particles were
observed, as shown in Fig. 2(a), which indicate that crystallization
toward octahedral shape is in progress. However, when the car-
bon/Li mole ratio was greater than 0.35, irregular polyhedrons were
formed (Fig. 2(c) and (d)). These results suggest that the particle size
and morphology of the LiNi0.5Mn1.5O4 can be adjusted by the car-
bon/Li mole ratio in the CCS. These results show that LiNi0.5Mn1.5O4
prepared by CCS prefers to expose the [1 1 1] face, giving a clear pref-
erence for octahedral morphology for the spinel structure [9] due
to anisotropy in the surface energy [26].
3.3. FT-IR analysis

Depending on Ni ordering in the lattice, LiNi0.5Mn1.5O4 shows
two different space groups, Fd3m or P4332 [27,28]. However, this
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sample C-25. The charge curves exhibit two distinct plateaus at
about 4.7 V, which is attributed to the progressive oxidation of Ni2+

first to Ni3+ and then Ni3+ to Ni4+ during charge [31]. It is recog-
Fig. 2. Micro-morphology of samples p

tructural evolution is hardly seen by XRD because of the similar
cattering factors of Ni and Mn. FT-IR spectroscopy has proved to be
n effective technique for qualitatively resolving the cation ordering
29,30]. Characteristic infrared vibration bands of the M O bonds
f the sample between 700 and 400 cm−1 were used to examine the
i ordering in LiNi0.5Mn1.5O4. As indicated by the FT-IR spectrum in
ig. 3, sample C-25 showed two bands at 621 and 479 cm−1 which
re more intense than those at 585 and 470 cm−1. This special fea-
ure indicates a disordered structure with the space group Fd3m
30]. In addition, the two bands at 649 and 425 cm−1 for the P4332
hase were absent or undefined in Fig. 3, which further proves a dis-
rdering distribution (Fd3m) of Ni in the structure of LiNi0.5Mn1.5O4
repared by CCS.
.4. Electrochemical performance

Fig. 4 compares the cyclic electrochemical performance of the
repared LiNi0.5Mn1.5O4 over 20 cycles. The discharge capacities of

Fig. 3. Fourier transform infrared (FT-IR) spectrum of sample C-25.
d using different carbon/Li mole ratios.

samples C-20, C-35 and C-50 increased with the number of cycles in
the initial charge-discharge process. A possible explanation is that
there is an activation process caused by the impurity and surface
defects in the LiNi0.5Mn1.5O4 obtained by CCS (see Figs. 1 and 2). The
cycle-ability first increases and then decreases with increasing the
amounts of carbon. When the carbon/Li mole ratio reaches 0.25, the
sample obtained achieves the best performance, with a discharge
capacity of 131.7 mAh g−1 for the first cycle and 130.8 mAh g−1 for
the 20th cycle.

Fig. 5 shows the charge and discharge curves of the cell with
nized from [25,32] that LiNi0.5Mn1.5O4 with a disordered structure

Fig. 4. Capacity vs. cycle number for samples prepared using different carbon/Li
mole ratios.
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ig. 5. Charge–discharge profiles of the sample prepared with a carbon/Li mole ratio
f 0.25.

Fd3m) would show two obvious voltage plateaus at around 4.7 V
hile that with an ordered structure (P4332) will give a flat voltage
rofile at around 4.7 V. Therefore, the observation of two distinct
lateaus at about 4.7 V in Fig. 5 confirms the disordered structure
f LiNi0.5Mn1.5O4, consistent with the XRD and FT-IR analysis. It is
oted that the discharge curves of these samples still present nar-
ower plateaus in the potential region from 3.9 to 4.2 V as well as the
wo higher voltage plateaus; these result from the transfer reaction
etween Mn3+ and Mn4+ [7].

. Conclusions

We have used a carbon combustion synthesis method to prepare
iNi0.5Mn1.5O4 for lithium ion batteries. All the samples prepared
howed a cubic spinel structure with the space group Fd3m. The
tructure and particle-size of the prepared LiNi0.5Mn1.5O4 can be
djusted by the amount of carbon in the CCS. LiNi0.5Mn1.5O4 pre-

ared with a carbon/Li mole ratio of 0.25 showed the largest initial
ischarge capacity (131.7 mAh g−1) and an excellent capacity reten-
ion rate of 99.3% after 20 cycles. The methodology reported in
his paper might be extended for the synthesis of a broad class of
ransition metal oxide materials for lithium ion batteries.
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