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a  b  s  t  r  a  c  t

One-dimensional  ordered  LiNi0.5Mn1.5O4 nanorods  have  been  fabricated  and  investigated  for  use  as  a high
power  cathode  in rechargeable  Li-ion  batteries.  These  highly  crystalline  nanorods,  with  an ordered  spinel
structure  and  diameters  and  lengths  around  130  nm  and  1.2  �m,  respectively,  were  synthesized  in two
steps  by  using  a  hydrothermal  reaction  to produce  ˇ-MnO2 nanorods  followed  by  solid-state  lithiation.
Electrochemical  analysis  showed  the  superior  performance  of  nanorods  as  a  cathode  in  Li-ion  half  cells.
eywords:
ithium ion battery
igh voltage cathode
ithium nickel manganese oxide
anorod

The specific  charge  and  discharge  capacities  were  found  to  be  120 and  116  mAh  g−1 at  a  0.5  C  rate,  and  114
and  111  mAh  g−1 at a 1  C  rate  between  3.5  and  5.0  V vs. Li+/Li.  Moreover,  the  nanorods  exhibit  high power
capability,  maintaining  capacities  of  103  and  95  mAh  g−1 at specific  currents  of 732.5  and  1465  mA g−1 (5
and  10  C  rates),  respectively.

© 2011 Elsevier B.V. All rights reserved.

igh rate capability

. Introduction

In the last few years, there has been an enormous increase
n the use and demand for Li rechargeable batteries with higher
nergy densities and power capabilities for portable electronic
evices and for hybrid and all-electric vehicles. For these appli-
ations, batteries with increased energy are desired, and various
lternate positive electrode materials have been widely investi-
ated to obtain either high voltage or increased capacity [1,2].
he spinel LiNi0.5Mn1.5O4 (LNMO) is a promising material due to
ts high average discharge voltage (around 4.7 V vs. Li+/Li couple)
3–5]. In LNMO the manganese is present in its Mn(IV) valence
tate, and only the Ni2+/4+ redox couple is responsible for the high
oltage charge/discharge potential accompanying the insertion and
xtraction of Li+ ions [6,7]. LNMO can exist in two different crys-
allographic structures: the cubic spinel with a P4332 space group,
hich is called the “ordered” LiNi0.5Mn1.5O4, and the so called “dis-

rdered” LiNi0.5Mn1.5O4−ı with a Fd3m space group [8–10]. The
isordered LiNi0.5Mn1.5O4−ı has a special electrochemical behav-
or; the oxygen deficiency leads to the presence of manganese in
he Mn(III) oxidation state, which can be oxidized to Mn(IV) at
round 4 V [11], thus reducing the specific energy and inducing the
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distortion of the spinel structure. Moreover, in disordered LNMO
impurities such as NiO and LixNiyO are generally observed. On the
other hand, disordered LNMO shows higher electronic conductiv-
ity than the ordered stoichiometric phase due to the presence of
the Mn3+/4+ redox couple and Ni/Mn disordering [12,13]. Therefore,
the preparation of the high energy ordered LNMO structure that
also has high specific power (high rate capability) is a formidable
challenge in this research area.

To reach such a goal, two strategies are frequently employed:
increasing the intrinsic electronic conductivity by the control of
the electrode microstructure, and enhancing the Li-ion transport
by reducing the bulk diffusion length in the active phase, which
can be achieved by the use of nanostructured materials. Sev-
eral researchers have already obtained high rate capability and
cyclability through the use of nanosized materials [8,14].  In our
previous work [15,16], we demonstrated that the one-dimensional
(1-D) nanosized LiMn2O4 spinel phase has a superior rate capa-
bility due to a large area of contact with the electrolyte, shorter
distances for Li-ion transport, and an enhancement of the elec-
tronic pathway [17]. In addition, the 1-D nanosized structure may
improve the mechanical stability of the electrode compared to
zero-dimensional nanosized systems (nanopowders) which tend to
undergo decrepitation during electrochemical reactions [18]. Since
the ordered LNMO spinel has a cubic structure, its 1-D fabrication

as nanowires or nanorods appears to be a difficult task, and it has
not been demonstrated until now.

In this study, we  report on the preparation of ordered LNMO
nanorods via a multistep synthesis: a hydrothermal reaction to

dx.doi.org/10.1016/j.jpowsour.2011.09.002
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F  ˇ-MnO2 nanorods obtained via hydrothermal reaction; (b) dispersion of Ni hydroxide
n iNi0.5Mn1.5O4 nanorods after calcination.
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ig. 1. Scheme of the fabrication process of ordered LiNi0.5Mn1.5O4 nanorods: (a)
anoparticles on ˇ-MnO2 template; (c) mixing with Li hydroxide and (d) ordered L

ynthesize a beta-manganese oxide (ˇ-MnO2) nanorod precur-
or, followed by a solid-state reaction with Ni and Li precursors.
he resulting LNMO structure and morphology were character-
zed to confirm the presence of the ordered spinel structure and
he nanorod shape. The electrochemical functional characteriza-
ion was carried out in half-cell vs. metallic lithium using a high
oltage-stable electrolyte to evaluate the behavior of the nanorods
uring lithium de-intercalation and intercalation.

. Experimental aspects

The ˇ-MnO2 template was prepared by hydrothermal reac-
ion following a previously reported procedure [16]. Stoichiometric
mounts of Ni(CH3COO)2 and ˇ-MnO2 nanorods were homoge-
eously dispersed in high purity ethanol and then diethylamine
CH2CH2NHCH2CH3) was added dropwise to increase the pH and to
recipitate Ni(OH)2. The dispersion was then heat treated at 120 ◦C
o obtain a nanodispersion of Ni(OH)2 on ˇ-MnO2 nanorods, which
as subsequently mechanically mixed with LiOH·H2O in a mortar.

he final ordered LNMO nanorods were obtained by heating the
ixed nanoparticle dispersion at 700 ◦C in an oxygen atmosphere

or 8 h.
The synthesized LNMO nanorods were characterized by use of

n X-ray diffractometer (XRD, Rigaku D/Max-RB (12 KW)) with Cu-
 ̨ radiation (� = 1.5418 Å) operating at 40 kV and 100 mA.  The

orphology of the nanostructure was observed by use of field emis-
ion scanning electron microscopy (FE-SEM, Hitachi S-4800) and
 field-emission transmission electron microscope (FE-TEM, Tec-
ai G2 F30 S-Twin). For the electrochemical investigation, 75 wt.%
ctive material of LNMO nanorods, 17 wt.% conductive carbon
lack, and 8 wt.% poly(vinylidene fluoride) binder were mixed in

Fig. 2. XRD patterns of LiNi0.5Mn1.5O4 nanorods: (a) comparison between powder
diffraction pattern and JCPDS data No. 80-2184; (b) enlargement of (1 1 0) peak and
(c)  enlargement of (3 2 0) peak.
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Fig. 3. Morphology of LiNi0.5Mn1.5O4 nanorods: (a) and (b) field emission scanning electron microscopy (FE-SEM) images; (c) low magnification transmission electron
microscopy (TEM) and (d) high-resolution TEM (HR-TEM) image.

Fig. 4. TEM image and EDS mapping on a segment of a single LiNi0.5Mn1.5O4 nanorod: (a) TEM image; (b), (c) and (d) EDS maps of Ni, Mn,  and O, respectively.
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Fig. 5. Charge/discharge voltage-capacity profiles of LiNi0.5Mn1.5O4 nanorods cycled at (a) two  different C-rates (0.5, 1 C) and (b) different discharge C-rates (0.5, 1, 2, 5, 10,
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nd  20 C); (c) specific capacity of LiNi0.5Mn1.5O4 nanorods as a function of cycle n
anorods and LiMn2O4 nanorods [18].

-methyl-2-pyrrolidone (NMP) to form a slurry, which was applied
nto an etched aluminum foil current collector using a doctor-blade
echnique and then dried at 100 ◦C for 12 h. The thickness of the wet
ayer was 100 �m and the resulting electrode load was  in the range
.0–3.0 mg  cm−2. Electrochemical measurements were carried out
sing three-electrode type Swagelok cells assembled in a glove box
lled with Ar gas ([O2] < 1 ppm). Two lithium foils (Alpha Aesar)
ere used as both counter and reference electrodes. 1 M lithium

ris(pentafluoroethyl)trifluorophosphate (Li[(C2F5)3PF3]) solution
n 1:1 ethylene carbonate and dimethyl carbonate (EC/DMC, LF-
0 Merck SelectilyteTM) was employed as the electrolyte, which
as supported by a glass microfiber filter separator (Whatman

nc.). Galvanostatic charge/discharge tests were performed using
 BioLogic VMP3 multi-channel battery tester at room tempera-
ure.

. Results and discussion

Fig. 1 is a schematic diagram of the synthetic procedure that
as used to obtain ordered LNMO nanorods. It involved an inex-
ensive and scalable hydrothermal reaction (Fig. 1(a)) [16]. The
anorods are suitable powdered precursors for successive solid
tate reactions due to their large surface area when good disper-
ions with a proper reactant can be obtained. For this reason, a
i(OH)2 nanoparticle dispersion on the nanorods (Fig. 1(b)) was
rst prepared by precipitation of the hydroxide from an alcohol
olution. The dispersion was then mixed with LiOH (Fig. 1(c)). The
anorod templates were subsequently calcined to form ordered
NMO nanorods (Fig. 1(d)). The successful synthesis of the ordered
NMO structure depends upon the dispersed state of the nickel
ydroxide precipitated on ˇ-MnO2 nanorods.

XRD patterns of the synthesized material shown in Fig. 2(a) can
e seen to match the data from the conventional spinel LNMO
tructure, with a P4332 space group (JCPDS data No. 80-2184),
nd impurity peaks such as those of NiO and LixNiyO are not vis-

ble. Rietveld refinement gave a lattice parameter a = 8.167 Å, in
greement with the value for ordered LNMO structure reported
lsewhere [5].  The ordered LNMO structure has minor peaks that
re usually observed at 2� values of 15.3, 39.7, 45.7, 57.5, and 65.6◦,
r at different current rates and (d) Ragone plot for the synthesized LiNi0.5Mn1.5O4

which are defining characteristics of that structure [5].  Conversely,
the disordered LNMO structure does not show such small super-
lattice peaks. The presence of two small peaks at 15.3 and 39.7◦,
corresponding to (h k l) Miller index (1 1 0) and (3 2 0), respectively,
highlighted in Fig. 2(b) and (c), are an indication of the presence
of the ordered LNMO structure. SEM images reported in Fig. 3(a)
and (b) show the nanorod shape morphology of fabricated LNMO.
The nanorods have an average diameter of 130 nm and a length
of 1.2 �m.  TEM images in Fig. 3(c) and (d) indicate that LNMO
nanorods are single-crystalline. The interplanar distance deter-
mined by the HR-TEM image in Fig. 3(d) is about 0.2887 nm, which
closely matches the (2 2 0) interplanar distance in LNMO. To further
confirm the nanorod homogeneity, the LNMO phase was character-
ized by energy dispersive spectroscopy (EDS) mapping. The results,
reported in Fig. 4 include a TEM image, Ni K map, Mn  K map, and O K
map  performed on a segment of a single particle. They demonstrate
that all elements are homogeneously distributed inside the bulk of
the nanorod. All the structural and morphological characterizations
are consistent in demonstrating that the synthesis process is able
to form the ordered LNMO phase from ˇ-MnO2 while maintaining
the nanorod morphology and size.

The battery performance of LNMO nanorod-based electrodes
was  measured by using 1 M Li[(C2F5)3PF3] solution in 1:1 EC/DMC.
The electrolyte solution of LiPF6 in 1:1 EC/DMC decomposes to
LiF and PF5 under high voltage conditions, and these react with
protic substances to form HF [19]; under those conditions LNMO
undergoes dissolution of Mn  and Ni [20–22].  For these reasons,
we used the Li[(C2F5)3PF3] salt which has relatively more stable
bonds between P and F species [23–25].  Fig. 5(a) presents typical
charge/discharge voltage-capacity profiles at two  different current
values. The current densities used were 73.25 mA g−1 (0.5 C rate,
black color line) and 146.5 mA  g−1 (1 C rate, blue color line), respec-
tively, in the potential range 3.5–5.0 V. The voltage profiles clearly
show a flat redox potential plateau around 4.75 V vs. Li/Li+ due to
the Ni2+/4+ redox couple and characteristics of the ordered LNMO

electrochemical behavior [5,8,15]. The charge profile of the dis-
ordered LiNi0.5Mn1.5O4−ı structure shows two  distinct potential
regions around 4.70 and 4.76 V [5,15],  which is another proof that
the fabricated LNMO nanorods have the ordered spinel structure.
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he specific discharge capacities were found to be about 120 and
11 mAh  g−1 at 0.5 C and 1 C rate, respectively, showing a Coulomb
fficiency around 97% at 1 C (first cycle).

The specific capacities as a function of cycle number at differ-
nt rates in the voltage range of 3.5–5.0 V are reported in Fig. 5(b)
nd (c). The material exhibits very high rate capability, as indi-
ated by the discharge capacity remaining almost stable up to
465 mA  g−1 (10 C rate). In fact, LNMO nanorods can deliver more
han 100 mAh  g−1 at a current of 732.5 mA  g−1 (5 C), and even at
465 mA  g−1 (10 C), the discharge specific capacity of the nanorods
as found to be about 95 mAh  g−1. At 2930 mA  g−1 (20 C), it drops to

0 mAh  g−1. But even after this high rate measurement, the cell was
ble to again supply the previously delivered 146.5 mA  g−1 (1 C)
ate with capacity retention higher than 98%. This is an indication
f the very good reversibility of this system. The specific energy
nd power of the synthesized LNMO nanorods are reported in the
agone-type plot (Fig. 5(d)), where they are compared to spinel
iMn2O4 nanorods previously prepared in our group [17]. This plot
hows that the LNMO nanorods retain their energy storage capac-
ty to high values of power density, and that they have a higher
pecific energy than LiMn2O4 nanorods, as a result of the higher
oltage (about 0.8 V) than that of LiMn2O4. It was mentioned earlier
hat 1-D morphology leads to higher particle connectivity rather
han spherical nanopowders. Such interconnectivity is expected to
mprove the electron transport in the electrode. This merit of 1-D

orphology is very important at high current rate conditions, and
lthough the ordered materials suffer from intrinsic low electronic
onductivity, LNMO nanorods retain its capacity at high current
ates.

. Conclusions

Ordered LiNi0.5Mn1.5O4 nanorods have been fabricated by solid
tate reaction starting from ˇ-MnO2 nanorods. The key point in the
reparation of the nanometric mixed oxide is the use of a suitable
recursor made from the dispersion of nickel and lithium hydroxide
anoparticles onto the ˇ-MnO2 nanorods. The complete structural
ransformation to the LNMO ordered phase and the maintenance of
anorod morphology have been proved by XRD, FE-SEM, EDS map-
ing, and galvanostatic charge/discharge curves. Electrochemical
xperiments using the nanorods have demonstrated very good per-
ormance, with a stable discharge specific capacity of 95 mAh  g−1 at
465 mA  g−1 (10 C). This result is a consequence of the nanometric

article size, which enhances transport properties in the bulk mate-
ial, and of the large surface area of the electrode, which increases
he contact with the electrolyte. As a result, the synthesized LNMO
anorods can be cycled at very high current rates in high power

[

[

rces 196 (2011) 10712– 10716

applications. This appears to be a promising approach to improve
the rate capability in whole cells.
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