
S
a

P
L

a

A
R
R
A
A

K
L
L
L
C
C

1

t
t
a
h
u
e
o
[

e
c
p
t
e
w
b
m

g
a
t
A

0
d

Journal of Power Sources 196 (2011) 10148– 10155

Contents lists available at ScienceDirect

Journal  of  Power  Sources

jou rna l h omepa g e: www.elsev ier .com/ locate / jpowsour

olution  combustion  synthesis  of  layered  LiNi0.5Mn0.5O2 and  its  characterization
s  cathode  material  for  lithium-ion  cells

.  Manikandan, M.V.  Ananth ∗,  T.  Prem  Kumar,  M.  Raju,  P.  Periasamy,  K.  Manimaran
ithium Battery Group, Electrochemical Power Sources Division, CSIR-Central Electrochemical Research Institute, Karaikudi 630 006, India

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 20 May  2011
eceived in revised form 14 July 2011
ccepted 5 August 2011
vailable online 12 August 2011

a  b  s  t  r  a  c  t

LiNi0.5Mn0.5O2,  a  promising  cathode  material  for lithium-ion  batteries,  is  synthesized  by  a  novel  solution-
combustion  procedure  using  acenaphthene  as  a  fuel.  The  powder  X-ray  diffraction  (XRD)  pattern  of  the
product  shows  a hexagonal  cell  with  a =  2.8955 Å and  c =  14.1484 Å.  Electron  microscopy  investigations
indicate  that  the  particles  are  of  sub-micrometer  size.  The  product  delivers  an  initial  discharge  capacity
of 161  mAh  g−1 between  2.5  and  4.6  V  at a 0.1 C rate  and  could  be  subjected  to  more  than  50  cycles.  The
eywords:
iNi0.5Mn0.5O2

ithium ion battery
ayered structure
athode material

electrochemical  activity  is  corroborated  with  cyclic  voltammetric  (CV)  and  electrochemical  impedance
data.  The  preparative  procedure  presents  advantages  such  as  a  low  cation  mixing,  sub-micron  particles
and phase  purity.

© 2011 Elsevier B.V. All rights reserved.
ombustion synthesis

. Introduction

The common cathode material in commercial lithium-ion bat-
eries is LiCoO2. Because of the high cost and toxicity of cobalt [1],
he industry, in weaning away from cobalt, is on the lookout for
lternatives such as lithium nickel manganese oxides that exhibit
igher capacities and improved safety [2].  LiNi0.5Mn0.5O2 is partic-
larly attractive due to its higher specific capacity, lower cost and
xcellent thermal stability [3]. Moreover, LiNi0.5Mn0.5O2 undergoes
nly marginal volume changes during charge–discharge processes
4].

The applicability of LiNi0.5Mn0.5O2 as a cathode material, how-
ver, is limited by its poor rate capacity due to poor electronic
onductivity [5] and cycle instability [6].  In addition, stoichiometric
hases are difficult to prepare [7] especially by the conven-
ional solid state fusion method [8].  Hence, there is a need to
xplore synthetic strategies to obtain phase-pure LiNi0.5Mn0.5O2
ith desirable electrochemical properties [9].  Efforts are, therefore,

eing made to explore new synthesis routes with different starting
aterials to overcome these drawbacks.
LiNi0.5Mn0.5O2 has a rhombohedral layered structure with space

roup R3̄m, and is built on a consecutive arrangement of lithium

nd transition metal ions in a close-packed oxygen array, leading
o the formation of discrete lithium and transition metal layers [10].
bout 8–10 at.% of nickel and lithium ions interchange their sites

∗ Corresponding author. Tel.: +91 4565227553; fax: +91 4565227713.
E-mail address: mvananth@rediffmail.com (M.V. Ananth).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.08.034
in the layered structure, which is often referred to cation mixing,
and noticed in products obtained at high temperatures [11]. While
nickel, which is electrochemically active [12], is present in the +2
state, the manganese in this compound is present in the +4 state.
LiNi0.5Mn0.5O2 exhibits some structural peculiarities such as partial
mixing of lithium and nickel ions between the layers leading to
cation disorder [13] and a tendency of the Li+ and Mn4+ ions towards
ordering in the layers [14].

The electrochemical performance of these electrode materials is
strongly dependent on the synthesis procedure [15]. Various syn-
thesis methods like solid-state reaction [3,8,11], ion-exchange [16],
hydroxide co-precipitation [13,17],  hydrothermal synthesis [18],
ultrasonic assistance synthesis [19], glycine assisted combustion
(GAC) [20], mixed hydroxide [17], ball milling [21], ultrasonic agi-
tation [19], oxalate co-precipitation [22], etc., have been adopted
to prepare this material. It is, however, difficult to obtain higher
battery-active LiNi0.5Mn0.5O2 either due to substantial Li/Ni disor-
der [16] or structural impurity [23]. In this paper, the structural
and electrochemical properties of LiNi0.5Mn0.5O2 prepared by
acenaphthene-assisted solution combustion (AASC) process are
studied.

2. Experimental

Stoichiometric amounts of lithium nitrate (3.0241 g) with 5 wt.%

excess, nickel nitrate (6.0738 g) and manganese nitrate (5.2425 g)
were dissolved in a minimum amount of water. Acenaphthene
(1.6658 g) was  also dissolved in 30 ml  glacial acetic acid. The
nitrates and the fuel were mixed, transferred into a 300 ml

dx.doi.org/10.1016/j.jpowsour.2011.08.034
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mvananth@rediffmail.com
dx.doi.org/10.1016/j.jpowsour.2011.08.034
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Fig. 1. X-ray diffraction pattern for LiNi0.5Mn0.5O2 cathodes obtained by combustion
P. Manikandan et al. / Journal of P

lumina crucible, and introduced into a muffle furnace pre-heated
o 450 ◦C. The furnace was maintained at 450 ◦C for 15 min  and
hen allowed to cool naturally. The product formed was ground
ell and calcined at 600, 700, 800, 900 and 1000 ◦C for 12 h.

hase formation was analyzed by X-ray diffraction (Bruker D8
dvance X-ray diffractometer) using Cu K� radiation. Morpho-

ogical examinations were made by a Hitachi S-3000H scanning
lectron microscope (SEM) and a Technai 20 transmission electron
icroscope (TEM) operated at 200 kV. Electron paramagnetic res-

nance (EPR) studies were made by a Bruker EMX  plus X-band
pectrometer. X-ray photoelectron spectroscopic (XPS) studies
ere conducted using a Thermoscientific, UK Multilab 2000 elec-

ron spectroscope with Al K� radiation and at a scan range
f 0–1200 eV binding energy (BE). Cyclic voltammograms were
ecorded at a scan rate of 0.1 mV  s−1 between 2.5 and 4.6 V. Elec-
rochemical impedance spectroscopy (EIS) analysis was done over

 frequency range of 100 kHz–0.1 Hz. An Autolab electrochemi-
al workstation (PGSTAT30) was employed for the CV and EIS
tudies. Lithium insertion behavior was evaluated by an Arbin mul-
ichannel charge–discharge instrument (BT2000). Coin cells of the
R2032 configuration were assembled using lithium foil (thick-
ess: 0.75 mm)  as the anode and LiNi0.5Mn0.5O2 as the cathode.

 1 M solution of LiPF6 in 1:1 (v/v) EC–DMC mixture was used as
he electrolyte. The cathode was fabricated by blade-coating slurry
f 80 wt.% LiNi0.5Mn0.5O2, 15 wt.% SP-carbon (Timcal) and 5 wt.%
VdF in NMP  on to an aluminum foil. The cells were assembled
n an argon-filled glove box (mBRAUN MB200G) with oxygen and

oisture levels less than 0.1 ppm. Galvanostatic charge–discharge
tudies were run between 2.5 and 4.6 V at a 0.1 C rate.

. Results and discussion

Lithium transition metal oxides can be elegantly and rapidly
ynthesized by solution-combustion process (self propagating high
emperature, furnace less or fire synthesis) rather than by conven-
ional, high-temperature, solid-state synthesis [24]. The procedure
onsists of addition of a mild fuel to the nitrate based precursors and
gnition at selected temperature. Combustion is accompanied by
imultaneous decomposition of nitrate and oxidation of the metal,
esulting in the formation of the metal oxide. An outstanding fea-
ure in this process is the evolution of large quantities of gases,
hich yields large surface area particles of sinter-active submicron

izes. The fuel plays a crucial role in this process. Reports suggest
hat during the solution combustion synthesis of LiNi0.5Mn0.5O2,
elevant chemical reactions occur near 450 ◦C [9].  The calcination
emperature for the prepared layered LiNi0.5Mn0.5O2 should, there-
ore, be higher than 450 ◦C, and accordingly calcinations have been
arried out in this study.

.1. Structural characterization of materials

.1.1. X-ray diffraction studies
The powder XRD patterns of the products obtained by cal-

ination at different temperatures for 12 h are shown in Fig. 1.
he broad peaks observed in the case of the material calcined at
00 ◦C indicate that the material is poorly crystalline. It can be
een from the figure that the crystallinity of material improves
ith increasing calcination temperature. Intense peaks at (0 0 3),

1 0 1) and (1 0 4) suggest that the LiNi0.5Mn0.5O2 products have
he basic Mn(Ni)–O–Mn(Ni) . . . units that make up the layered
ompound [25]. All the peaks are indexable based on the �-NaFeO2-

ype structure (space group R3̄m). The oxygen sub-lattice in the
-NaFeO2-type structure forms an fcc lattice with a distortion in

he c direction, resulting in a clear splitting of the (0 0 6)/(1 0 2)
nd (1 0 8)/(1 1 0) peaks. If this distortion (in the c direction) is
technique using acenaphthene fuel, calcined at (a) 600 ◦C, (b) 700 ◦C, (c) 800 ◦C, (d)
900 ◦C and (e) 1000 ◦C for 12 h.

absent (or if the structure is totally cubic), the (0 0 6)/(1 0 2) and
(1 0 8)/(1 1 0) peaks merge into single peaks, as observed with the
sample calcined at 600 ◦C. A good resolution of the (0 0 6)/(1 0 2) and
the (1 0 8)/(1 1 0) reflection pairs is typical of an ideal layered struc-
ture [26]. Clear separation of the (0 0 6)/(1 0 2) peaks as well as of the
(1 0 8)/(1 1 0) peaks can be noticed in the patterns of the materials
calcined above 900 ◦C. The hexagonal doublets such as (0 0 6)/(1 0 2)
and (1 0 8/1 1 0) are seen with better splitting than those reported in
the literature, which confirms that the synthesized LiNi0.5Mn0.5O2
compound has superior crystallinity, good hexagonal ordering and
better layered characteristics [27]. The obtained structure is found
to be an ordered layered one, on comparing the Braggs reflections
reported in literature [28]. Thus, the newly adopted combustion
process with acenaphthene as the fuel is found to be advantageous
over the conventional solid state, mixed hydroxide [17] or even
the GAC [20] methods traceable in literature. No extraneous peaks,
suggesting the presence of impurities, are detected. The crystallite
size is obtained using the Scherrer equation for (0 0 3) peak.

The structure parameters of LiNi0.5Mn0.5O2 calcined at differ-
ent temperatures are provided in Table 1. The intensity ratio of
I(0 0 3)/I(1 0 4) is a sensitive parameter to determine the cation distri-
bution in lattice [29], the higher this ratio the lower is the degree
of the cation mixing. Since the value of I0 0 3/I1 0 4 depends on the
degree of the displacement between ions located at the 3(a) and
3(b) sites in a space group of R3̄m, this value is a measure of the reac-
tivity of lithium insertion materials for a series of LiNiO2 families.
According to Makimura and Ohzuku [11], a low value of I0 0 3/I1 0 4 is
an indicator of poor electrochemical reactivity due to high concen-
tration of inactive rock-salt domains in a layered solid matrix. The
sample calcined at 1000 ◦C has the highest value for I(0 0 3)/I(1 0 4)
(1.57), while it is the least for the one calcined at 600 ◦C (0.90). This
indicates that the degree of cation mixing decreases with calcina-
tion temperature. The degree of cation mixing is much less than that
in samples synthesized by a combination of co-precipitation and
solid-state reaction as the reported I(0 0 3)/I(1 0  4) value is only 1.108
[30]. The results are better than those reported in such compounds
prepared with GAC method [20] wherein the value is only 0.97. Sim-
ilar value of less than unity has been obtained by a simple solid state

synthesis of layered LiNi0.5Mn0.5O2 directly from a mixture of LiOH,
NiO and MnO2 prepared by ball milling [21]. The values are compa-
rable with the values of about 1.47 reported in samples prepared
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Table  1
Structure parameters of LiNi0.5Mn0.5O2 calcined at different temperatures.

Calcined temperature Crystallite size (nm) a (Å) c (Å) c/a V (Å)3 I0 0 3/I1 0 4 R = I0  0 6 + I1 0  2/I1 0 1

600 ◦C 51 2.8876 14.2120 4.9217 102.62 0.9024 –
700 ◦C 59 2.8959 14.2341 4.9152 103.37 1.2870 –

◦ .2518
.1484
.2905
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800 C 79 2.8944 14
900 ◦C 120 2.8955 14
1000 ◦C 140 2.8904 14

ith ultrasonic agitation [19]. Also the value is higher than 1.09
eported with glycine assisted sol–gel combustion technique [31].
he I(0 0 3)/I(1 0 4) values obtained in several investigations inclusive
f wet chemical methods have been tabulated and the maximum
eported value is about 1.17 [32] and hence the value for com-
ounds prepared by AASC process is the maximum reported value
s on date. It is worth mentioning that despite doping the com-
ound with cobalt, the I(0 0 3)/I(1 0 4) values could not be increased
eyond 1.25 [33]. It thus emerges that the use of acenaphthene as

 fuel leads to a more crystalline product as compared to common
uels such as sucrose that yield products with I(0 0 3)/I(1 0 4) values of
.0–1.2 [34]. It is worth noting that acenaphthene is powerful fuel
ith a fuel value of 58.

.2. Surface examinations

.2.1. Scanning electron microscope
Secondary electron images of the samples (Fig. 2) show that they

ave a spherical morphology, with particle sizes between 135 and

00 nm for samples calcined at 900 and 1000 ◦C. The general well-
haped, particle-agglomerated morphology is in agreement with
iterature reports [35]. The average size of primary particle (about
35 nm)  is smaller than about 500 nm reported for this family of

ig. 2. Scanning electron micrographs for LiNi0.5Mn0.5O2 cathodes obtained by combusti
c  and d).
 4.9239 103.39 1.3198 –
 4.8863 102.72 1.5645 0.7353

4.9441 103.39 1.5688 0.7391

compounds prepared by simple solid state methods [7].  The results
are in agreement with those of Wu et al. [9] for the material syn-
thesized via an improved solid-state reaction. The larger particle
size of the sample calcined at 1000 ◦C as compared to the 900 ◦C
sample is attributed to sintering. It must be mentioned here that
electron microscopy has revealed plate-shaped crystals of 1 �m
for LiNi0.5Mn0.5O2 prepared by ion exchange and cubic particles of
0.5 �m for LiNi0.5Mn0.5O2 prepared by a solid state method [3].  It
can be seen that individual particles are of submicron size and some
of them aggregate to form big particles. Such morphology is quite
similar to that of the powder synthesized using the mixed hydrox-
ide method [11,17] and ball mill assisted solid state synthesis [21].
Acenaphthene, as fuel, is better than sucrose [34] in reducing the
particle size.

3.2.2. Transmission electron microscope
Transmission electron microscope images of LiNi0.5Mn0.5O2 are

shown in Fig. 3. They indicate agglomeration and particle size is

about 135 nm,  which is in good agreement with the observed XRD
pattern. Single particle could be identified. Fig. 3(d) is an electron
diffraction (ED) picture of LiNi0.5Mn0.5O2 illustrating its highly crys-
talline nature.

on technique using acenaphthene fuel and calcined at 900 ◦C (a and b) and 1000 ◦C
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ig. 3. Transmission electron micrographs and electron diffraction for LiNi0.5Mn0.5

00 ◦C.

The particles are more uniform and spherical in nature [36]
ompared to those synthesized by hydroxide mud  method [6];  in
ddition to reduction in particle size. Even though the particles
re slightly bigger than the nano particles (20–30 nm)  obtained
y Freeze drying synthesis, the particles are comparatively spher-

cal in nature compared to the platelet like nature [37]. In fact the
latelet like morphology is much more pronounced in the sam-
les prepared with ultrasonic agitation [19]. Also in contrast to
he uniform square morphology obtained by Zhang et al. [19] with
ltrasonic agitation, the compound shows uniform spherical mor-
hology. It can be seen that individual particles are of submicron
ize between 130 and 200 nm and some of them aggregate to form
ig particles. Such morphology is quite similar to that of the powder
ynthesized using the mixed hydroxide methods [11,17] and a solid
tate synthesis [21]. The particles are much finer than that reported
ith glycine assisted sol–gel combustion method [31]. Also par-

icles synthesized by AASC process are much smaller and more
niform compared to the particle range of 200–350 nm reported
y wet-chemical method assisted by tartaric acid [32].

The results show three parallel lines similar to the pat-
ern reported by Arachi et al. [38]. These are indicative of the
ong range

√
3ahex × √

3ahex R30◦ type ordering reflections as
eported in literature [35]. However the intensity of the spots

epends on the Li intercalation state. Previous electron diffrac-
ion studies have revealed long-range cation ordering resulting
n a

√
3ahex × √

3ahex × chex supercell with space group P3112
39,40].  This type of ordering is reported to create two different
hodes obtained by combustion technique using acenaphthene fuel and calcined at

crystallographic sites, one that is Li-rich and one that is Li-deficient
[41] and probably revealed by two  different types of superlattice
reflections spotted in the picture. But for variations in particle size,
the TEM images of agglomerates are similar to the ones reported
by Wang et al. [42]. The SEM and TEM images indicate that the
particles are well dispersed with average diameter of 135 nm and
the size distribution is reasonably good. This is far better than the
1 �m particles obtained by the hydroxide mud method [6].  Also
AASC process is better than the wet-chemical method assisted by
tartaric acid, wherein the particle size ranged from 200 to 350 nm
[32].

3.2.3. X-ray photo electron spectroscopy studies
These studies furnish information on the oxidation states of the

metal species present in the synthesized lithiated transition metal
oxides. XPS measurements have been done in order to determine
the oxidation states of the transition metals in these materials since
the oxidation states of manganese and nickel are important for the
performance [17,43].  The valence of manganese in LiNi0.5Mn0.5O2
has been determined to be tetravalent by X-ray absorption spec-
troscopy [44]. The C 1s, Li 1s, Ni 2p, Mn  2p and O 1s XPS core
level spectra for the prepared LiNi0.5Mn0.5O2 samples are shown in
Fig. 4. The C 1s emission peak is observed around 284.98 eV, which

is used as the reference in the present XPS measurements. The
binding energy of the Li 1s emission peak is positioned at 50.26 eV
and appears as a broad signal. The Ni 2p XPS spectrum in Fig. 4(c)
consists of the characteristic broad satellite peak with the BE at
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Fig. 4. X-ray photoelectron spectroscopy of LiNi0.5Mn0.5O

59.73 eV. Such broad satellite peaks are present in Ni-containing
xides, such as NiO, LiNiO2, LiNi1/3Co1/3Mn1/3O2 and in the spinel,
iMn1.5Ni0.5O4 [45,46].  The satellite peak is explained due to the

ultiple splitting in the energy levels of the Ni-oxides [46,47].

he BE of the center of Ni 2p3/2 peaks of LiNi0.5Mn0.5O2 has been
eported as 854.2 eV [30]. The observed higher BE value observed
n compounds prepared by AASC process can be attributed to the
erials (a) C 1s, (b) Li 1s, (c) Ni 2p, (d) Mn  2p, and (e) O 1s.

presence of nickel in both 2+ and 3+ oxidation states. The BE value
of Mn  2p3/2 peak at 642.4 eV is typical for Mn4+ oxidation state
[48], however, the presence of Mn3+ with Mn4+ will result in the

Mn 2p3/2 peak shifting to a lower BE. O 1s spectra show an inter-
esting progression with the preparation method. The BE value of
the O 1s component is located at 529.17 eV, originating from Ni–O
and Mn–O in the synthesized material. The analysis of contents of
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Fig. 5. EPR spectra for LiNi0.5Mn0.5O2 cathodes obtained by combustion technique
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Fig. 6. Cyclic voltammograms of the synthesized LiNi0.5Mn0.5O2 obtained in the
voltage range 2.5–4.6 V at scanning rate 0.1 mV s−1.

Fig. 7. EIS complex impedance plots of the half cell with the 900 ◦C calcined

The cathodic peak around 3.6 V corresponds to the voltage plateau
sing acenaphthene fuel, calcined at different temperature for 12 h.

etal ions from XPS also suggests that the molar ratios of the metal
lements in the prepared samples are in good agreement with their
toichiometric proportion.

.3. Spin resonance investigations

.3.1. Electron paramagnetic resonance studies
The electrochemical performance of these electrode materi-

ls is strongly dependent on synthesis procedures [15] as they
ield products with different cation distributions [49]. Cation dis-
ribution in the transition metal layers can be investigated by
PR spectroscopy, which has been used to obtain information
iNi0.5Mn0.5O2 prepared under atmospheric [14] and high pressure
onditions [28]. Changes in the manganese environment during
ithium extraction/insertion can also be monitored by EPR spec-
roscopy.

LiNi0.5Mn0.5O2 contains two magnetic ions, Ni2+ and Mn4+. Ni2+

s a non-Kramers ion since it has even number of d-electrons
nd its EPR spectra is sensitive to the environment. As a conse-
uence, the EPR signal of Ni2+ can then be detected only when
he ion is present as a residual impurity [50]. If the concentra-
ion of the ion is large, as in the present case, the distribution of
rystal fields and strains on the different sites smear out the res-
nance spectra and can no longer be detected. This is the reason
hy Ni2+ does not contribute to the EPR spectrum. The detected
aramagnetic resonance could only be attributed to the presence
f Mn4+ ions that carry a half-integer spin (S = 3/2) and are then
PR-active.

The EPR spectra are shown in Fig. 5. The EPR spectrum of pristine
ample consists of one signal with a Lorentzian line shape and is
ndicative of the ordered nature of the sample [28].

The position of the center of the signal is close to 3450 G. This
s somewhat deviated from the position expected for uncorrelated
pins with the gyromagnetic factor g = 2.033 [32]. The line width
B is small, namely 900 G at room temperature. Earlier studies

ave reported the value around 1280 G [32]. The signal intensity,
owever, diminishes on lowering the temperature. Since Ni3+ is in
he low-spin state [38], the contribution from Ni3+ is only mini-
al. Also absence of smearing of EPR resonance reveals absence of
i3+.
LiNi0.5Mn0.5O2 as cathode, at the state of pristine, charged (4.6 V) and discharged
(2.5).

3.4. Electrochemical performance

3.4.1. Cyclic voltammetry
Cyclic voltammograms of cells of configuration

Li/electrolyte/LiNi0.5Mn0.5O2 and cycled between 2.5 and 4.6 V
at the scan rate of 0.1 mV s−1 have been investigated. Typical
cyclic voltammograms are shown in Fig. 6. The transition-metal
layer in LiNi0.5Mn0.5O2 is bi-functional, with Ni2+ acting as a
double redox-active center [13,51,52] and Mn4+ providing stability
to the host structure [53]. The absence of any peak around 3 V
suggests that no Mn3+ is present [54] in the samples. An anodic
peak at 4.0–4.2 V and a corresponding cathodic peak at 3.6 V can
be noted. These redox peaks are also signatures of hexagonal
phase in these types of layered compounds and indicate perfect
reversibility. The peaks could be assigned to the Ni4+/Ni2+ couple.
Furthermore, a very low intensity high voltage broad hump can
also be discerned from the oxidation process at around 4.41 V,
which can be attributed to Mn4+ ions in the samples. The absence
of a true peak at 4.41 V in the de-intercalation process suggests
the electrochemical inactivity of manganese in this compound.
The faintly detectable high voltage hump exhibited by pristine
LiNi0.5Mn0.5O2 is similar to observations noted earlier [31,55], and
could probably be ascribed to small particle sizes of the samples.
of the discharge processes of the cell used. The broad anodic and
cathodic peaks observed with this material contrast with the sharp
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eaks observed with LiNiO2, which shows three distinct phase
ransitions [56]. The absence of such multi-phase reactions can

ean a lower level of structural degradation upon cycling in the
ase of LiNi0.5Mn0.5O2. The difference between anodic potential
pa and cathodic potential ϕpc, �ϕp = ϕpa − ϕpc, is a measure of

he reversibility of the intercalation process: the lower the value
f �ϕp, the better reversibility. The potential difference �ϕp is
bout 0.6 V, which is higher than the 0.36 V reported by Zhang
t al. [30] and 0.19 V reported for LiNi0.4Mn0.4Co0.2O2 prepared
y a self-combustion reaction with sucrose as a fuel [34]. Also the
xidation peak is shifted to the right 0.1 V whereas the reduction
eak is shifted to the left by 0.25 V. Since only one cathodic peak

s seen in contrast to the additional secondary peaks observed by
hang et al. [30], it implies that the phase purity of the compounds
repared with acenaphthene as a fuel is higher, which corroborates
ith XRD patterns that show no extraneous peaks. It must be noted

hat some samples have been shown to exhibit three couples of
harp redox peaks due to the insert of different phases [44] in such
lass of materials. However, the absence of such multiple redox
eak couples in the compounds synthesized by AASC process is a
urther evidence of phase purity. The oxidation state of manganese
n LiNi0.5Mn0.5O2 is invariant at 4+, as evidenced by the absence of
he redox reaction around 3.0 V corresponding to the Mn4+/Mn3+

ouple [54,57]. The cyclic voltammograms are reversible over
everal cycles, suggesting good reversibility for the electrode
rocesses. The results are somewhat similar to those prepared by
all mill assisted solid state synthesis of layered LiNi0.5Mn0.5O2
irectly from a mixture of LiOH, NiO and MnO2, i.e., 4–3.6 V [21],
ut the electrochemical performance is far more superior.

.4.2. Electrochemical impedance spectroscopy
This is a powerful technique to study the kinetics of lithium

ntercalation/deintercalation processes [58,59]. EIS has been car-
ied out in the pristine state, fully charged state (charged to 4.6 V at
.1 C rate), and in the fully discharged state (discharged to 2.5 V at
.1 C rate). EIS data has been collected after ageing the fabricated

ithium ion cell for 24 h. Nyquist plots of the charged and discharged
lectrodes were recorded after allowing 1 h of stabilization period.

yquist plots of pristine state, charged state and discharged state of

he Li-ion cell are shown in Fig. 7. The pristine sample shows a high-
requency semicircle and a sloping line in the low-frequency region.
he resistance component, Rs, arises from the electrolyte and other

ig. 8. Galvanostatically voltage vs capacity profile of calcined at 900 ◦C for a cell
i/LiNi0.5Mn0.5O2 in the voltage range from 2.5 to 4.6 at 0.1 C rate.
Sources 196 (2011) 10148– 10155

cell constituents. The semicircle is attributed to the lithium ion
migration through the interface between the surface layer of the
particles and the electrolyte, as suggested by Aurbach et al. [60,61].
The semicircle in the case of the charged electrode is attributed to
the formation of a solid electrolyte interphase (SEI). A lower resis-
tance of 325 �,  however, is observed in the charged state and can be
related to destruction or modification of the inactive SEI due to cur-
rent flux [62,63]. The Nyquist plots of the charged and discharged
electrodes are not very different, except that there is a marginal in
resistance in the discharged state, which agrees with earlier results
[63,64].

3.4.3. Charge–discharge studies
The voltage-capacity profiles of LiNi0.5Mn0.5O2 cathodes

obtained by AASC process at 0.1 C rate are shown in Fig. 8. There is
only one voltage plateau on both charge and discharge curves. This
is consistent with the results in cyclic voltammetry experiments,
which display current peaks corresponding to only one redox cou-
ple. The results are better than the performance of the compound
prepared by an improved solid state reaction of Wu et al. [9] as the
voltage range is high. Moreover, the irreversible capacity in the first
cycle is negligible as compared to that reported for LiNi0.5Ti0.5O2
[65]. Additionally, the capacity decay upon cycling is small (on an
average 1.16 mAh  g−1 per cycle during the first five cycles), which
progressively reduces with cycling (on an average 0.90 mAh  g−1 per
cycle between cycle numbers 46 and 50). The differences between
the charging and discharging voltages also decrease upon cycling.
The low over-voltage is a welcome feature of this material. It is
worth noting that the coulombic efficiency rises from 96.58% at first
cycle to 99.56% at fiftieth cycle. The marginal voltage drop observed
during the first charging process could be ascribed to the reaction
of the traces of metallic nickel contained in the sample [65].

The galvanostatic cycling behavior of LiNi0.5Mn0.5O2 calcined at
900 and 1000 ◦C for 12 h is depicted in Fig. 9. Coin cell delivered an
initial discharge capacity of 161 mAh  g−1 for the cathodes heated
at 900 ◦C. This is as per expectations based on structural proper-
ties. The capacity fading in such material is related to an increase
in the ohmic drop in case of prolonged cycling. One  mechanism
of capacity fading is the dissolution of active material in the elec-

trolyte during cycling. This dissolution is generally attributed to
the existence of HF, which is easily formed when using LiPF6 as the
electrolyte salt. The discharge results are similar to the reported
capacity decrease of such materials subjected to high-temperature

Fig. 9. Capacity vs cycle number plot for synthesized LiNi0.5Mn0.5O2 materials cal-
cined at 900 ◦C (a), (b) and 1000 ◦C and (c) for 12 h.
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rocessing [66]. An increase in the processing temperature to
000 ◦C leads to a reduction in capacity, an observation similar to
hat of Shlyakhtin et al. [67]. This reduction is ascribed to faster
nnealing of defects and partial conversion into structurally sta-
le, but less active, secondary phases such as LiMn2O4, Li2MnO3,
tc. [67], which seems to contravene a marginal increase in the

(0 0 3)/I(1 0 4) values. Also, a reasonable performance with reduced
apacity fading is obtained even at higher discharge rates (Fig. 9(b)).

The observed superior performance could be attributed to the
esser degree of cation mixing since coulombic efficiencies and
ischarge performance are related to cation mixing in the host
tructure. Ni2+ ions located at the octahedral Li sites can block
i+ intercalation and diffusion. Consequently, a gradual capac-
ty fading for LiNi0.5Mn0.5O2 [43] arises as seen from cycle life
urves. It is, however, possible to modify the heating protocol to
mprove the electrochemical properties of layered LiNi0.5Mn0.5O2
9],  including its cycle life. The performance of LiNi0.5Mn0.5O2 pre-
ared by AASC process is comparable to those prepared by hydroxyl
ud  [6],  mixed hydroxide [13] and freeze drying methods [37]

s well as those with layered single-crystalline LiNi0.5Mn0.5O2
anostructures [42] synthesized through a citric acid-assisted
ol–gel method. The products in this study, however, outperform
hat obtained by a glycine-assisted combustion synthesis [31],
et-chemical method assisted by tartaric acid [32] and ball mill

ssisted solid state synthesis [21]. The cycle life experiments
ndicate a higher capacity than the materials prepared by co-
recipitation and in the particle range 3–10 �m [68].

. Conclusions

Pristine LiNi0.5Mn0.5O2 materials are prepared by a novel AASC
rocess for the first time. The structure and electrochemical proper-
ies are systematically studied and compared with the properties
f LiNi0.5Mn0.5O2 prepared by other methods. The sample has a
esser degree of cation mixing as compared to the similar samples
repared by other methods. The particle sizes of the products are
lso much smaller and approaching the nano range compared to
he other synthesis routes. The optimum synthesis temperature
nd time are 900 ◦C and 12 h, respectively. The initial discharge
apacity of layered LiNi0.5Mn0.5O2 prepared under above condi-
ions is 161 mAh  g−1 and the sample displays an excellent lithium
ntercalation/deintercalation.
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