
I
p
(

K
a

b

c

a

A
R
R
A
A

K
L
M
L
C

1

i
t
m
o
v
s
m
p
(
L
t
p
t
a
w
c
L

(

0
h

Electrochimica Acta 108 (2013) 749– 756

Contents lists available at SciVerse ScienceDirect

Electrochimica  Acta

jo u r n al hom ep age: www.elsev ier .com/ locate /e lec tac ta

nfluence  of  synthesis  technique  on  the  structural  and  electrochemical
roperties  of  “cobalt-free”,  layered  type  Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2

0  <  x  <  0.4)  cathode  material  for  lithium  secondary  battery

.  Karthikeyana,c,  S.  Amaresha,  S.H.  Kima,  V.  Aravindana,b, Y.S.  Leea,∗

Faculty of Applied Chemical Engineering, Chonnam National University, Gwang-ju 500-757, South Korea
Energy Research Institute @ NTU (ERI@N), Nanyang Technological University, Singapore 637553, Singapore
Department of Mechanical and Materials Engineering, University of Western Ontario, London, Ontario, N6A 5B9, Canada

 r  t i  c  l  e  i  n  f  o

rticle history:
eceived 1 February 2013
eceived in revised form 22 June 2013
ccepted 25 June 2013
vailable online xxx

a  b  s  t  r  a  c  t

We  report  the influence  of synthesis  techniques  on the structural  and  electrochemical  behavior  of cobalt-
free,  low-cost  and  eco-friendly  layered  type  Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (0 <  x <  0.4)  cathodes  for  Li-ion
batteries. Layered  phase,  Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (0  < x < 0.4)  was  prepared  by  sol–gel,  co-precipitation,
acetate  precipitation  and  mixed  hydroxide  method  and  by  subsequent  sintering  at 700 ◦C under  oxy-
eywords:
ithium-ion batteries
ixed hydroxide method

ayered materials
obalt-free cathode

gen  flow.  X-ray  diffraction  experiments  revealed  the  presence  of  �-NaFeO2 type  structure  with R3̄m
space  group  in  the  prepared  materials.  Among  the  layered  phase  compounds,  material  prepared  by
mixed  hydroxide  method  delivered  maximum  reversible  capacity  of  207  mAh  g−1 at  current  density  of
0.1 mA cm−2 between  2  and  4.5  V  vs.  Li  with  excellent  capacity  retention  characteristics  as  well.  In  addi-
tion,  influence  of “x”  on  electrochemical  properties  of Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (0 <  x <  0.4)  were  also
investigated  and  such  samples  were  prepared  by  mixed  hydroxide  route.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

Due to the depletion in the levels of fossil fuels and an increase
n environmental awareness, there are many efforts being devoted
o find out suitable alternative energy sources, especially auto-

obile applications. Lithium-ion batteries (LIB) are considered as
ne of the promising energy storage devices because of their high
olumetric and gravimetric energy density with light weight and
hape versatility; these properties have already engaged them in
any potential portable applications like laptops, cameras, mobile

hones, furthermore they are expected to power electric vehicles
EV) and hybrid electric vehicles (HEV) in near future [1–5].
ayered LiCoO2 has been dominated as a cathode material since
he commercialization of LIBs by Sony because of stable discharge
lateau, high working voltage and long cycle life [1,6]. However,
he possibility of employing them in high power applications such
s EV and HEV is highly restricted due to the structural instability,

hile approaching beyond 0.5 moles of Li (>4.3 V vs. Li), high

ost, safety, and toxicity [1]. Therefore, alternate cathodes like
i(Mn,Ni)O2 and LiMn2O4 have been proposed and extensively

∗ Corresponding author. Tel.: +82 62 530 1904; fax: +82 62 530 1904.
E-mail addresses: aravind van@yahoo.com (V. Aravindan), leeys@chonnam.ac.kr

Y.S. Lee).

013-4686/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2013.06.142
studied as prospective candidates to replace LiCoO2 [7–9], for
example LiNiO2 has been demonstrated to deliver higher reversible
capacity, but is associated with poor thermal stability and diffi-
culty in synthesizing a phase pure structure. On  the other hand,
LiMn2O4, which possesses higher thermal stability than layered
compounds, demonstrates its inapplicability for use in LIBs due to
lower reversible capacity with operating potential of ∼4 V vs. Li and
poor cycleability at elevated conditions. To overcome these disad-
vantages, intensive research work has been carried out to develop
the derivatives like LiNi1/2Mn1/2O2 and LiNi1/3Mn1/3Co1/3O2 with
�-NaFeO2 crystal structure [10]. In spite of delivering high capac-
ity, low rate capability of those derivatives are inevitable and also
the significant cation disorder between the lithium and transition
metal ions slabs are another important concern for such phases
[11–16]. Despite the high rate performance and high operating volt-
ages of layered and spinel oxides and their derivatives, the observed
reversible capacities make them inappropriate to be employed in
EV and HEV applications. On the other hand, polyanion framework
materials, i.e. LiFePO4 rendered good thermal stability in both
lithiated and de-lithiated states, however operating potential was
restricted to ∼3.4 V vs. Li, which resulted in less energy density.

Rest of the polyanion group olivine phase materials like, LiMnPO4
and LiCoPO4 are not completely recognized to be employed
as prospective cathodes due to their own  setbacks [1,17,18].
Recently, Tabuchi et al. [19,20] have reported iron substituted

dx.doi.org/10.1016/j.electacta.2013.06.142
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.electacta.2013.06.142&domain=pdf
mailto:aravind_van@yahoo.com
mailto:leeys@chonnam.ac.kr
dx.doi.org/10.1016/j.electacta.2013.06.142
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Table 1
Lattice contents of Li1.2Mn0.32Ni0.32Fe0.16O2 (x = 0.2) solid solutions prepared using
different synthesis methods.

Sample ah (nm) ch (nm) c/a I003/I104

SG2T700 2.889 14.289 4.95 1.12
CP2T700 2.891 14.285 4.95 0.75
50 K. Karthikeyan et al. / Electro

i2MnO3 (Li1+x(FeyMn1−y)1−xO2, 0 ≤ x ≤ 1/3, 0.3 ≤ y ≤ 0.7) layered
aterial as new class of cathode materials for LIB applications.
nfortunately, the operating potential of these materials is too

ow and the delivered discharge capacity lower than 80 mAh  g−1.
ater, the same group proposed series of nickel and iron containing
ayered solid-solution of Li2MnO3 (Li1+x[(Fe1/2Ni1/2)yMn1−y]1−xO2,

 < x < 1/3, 0.2 ≤ y ≤ 0.8) with an average discharge voltage of 3.5 V
s. Li. Nevertheless, such system experienced a severe capac-
ty fade during cycling, which was mainly due to the complex
ynthetic procedures involved in the preparation of such single
hase material. As a result of which, inferior electrochemical
roperties of the compounds were observed [21]. In order to

mprove the electrochemical properties of the solid-solutions
f Li2MnO3, several approaches have been employed [13]. In
ur previous work, we successfully reported the synthesis and
erformance of “cobalt-free” Li1.2Mn0.32Ni0.32Fe0.16O2 (x = 0.2)
ith three end members of Li2MnO3, LiNiO2 and LiFeO2 by simple

ol–gel technique in the presence of various concentrations of
dipic acid [22]. However, such compounds have experienced
oor rate performance, which is one of the prerequisite for HEV
nd EV applications. In this connection, we attempted to study the
nfluence of synthesis technique on the electrochemical perfor-

ance of Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (x = 0.2) cathodes prepared by
arious approaches like sol–gel (SG), co-precipitation (CP), acetate
recipitation (AP) and mixed hydroxide (MH) methods. The effect
f preparation method on the structural and electrochemical
roperties have been extensively evaluated and presented in this
ork. Further, the influence of transition metal concentration was

lso investigated (0 < x < 0.4) by MH  route and described in detail.

. Experimental

All analytical grade starting materials like, Li(CH3COO)2·H2O
Wako, 99.9%), Fe(CH3COO)2·H2O (Sigma–Aldrich, 99.99%)),
i(CH3COO)2·4H2O (Sigma–Aldrich, 99.9%)), Mn(CH3COO)2·4H2O

Sigma–Aldrich, 99.99%)), LiOH (Jensei Chemicals, 95%)
e(NO3)3·9H2O (Jensei Chemicals, 98%), MnCl2·4H2O (Wako,
9.9%), Ni(NO3)3·6H2O (Jensei Chemicals, 97%), Na2CO3
Sigma–Aldrich, 99%) and acetic acid were procured and used
s such without any further purification. For the preparation
f Li1.2Mn0.32Ni0.32Fe0.16O2 (x = 0.2) phase by CP, two aqueous
olutions viz. 0.2 M Na2CO3 solution, transition-metal precursor
olutions with a concentration of 0.1 M for each metal precursor
MnCl2, Fe(NO3)3, and Ni(NO3)3) were prepared. Metal precipitate
as obtained by mixing of carbonate solution into the transition
etal solution and the solution pH was adjusted to 11 using
H3OH·H2O solution. Subsequently, the solution was  continu-
usly stirred at 60 ◦C for 6 h. Resultant (Mn0.32Ni0.32Fe0.16)CO3
recipitate was filtered, washed with distilled water and dried
ver night at 80 ◦C. The final product was obtained by mixing
Mn0.32Ni0.32Fe0.16)CO3 with appropriate amount of LiOH and the

ixture was heated to 400 ◦C for 4 h, and then fired at 700 ◦C for
0 h in oxygen atmosphere to yield the Li1.2Mn0.32Ni0.32Fe0.16O2
x = 0.2) solid solution.

The MnCl2, Fe(NO3)3 and Ni(NO3)3 were used as starting mate-
ials for preparing the AP technique, in which acetic acid acted as
he precipitating agent to yield the precursor power. Then the pre-
ursor powders were mixed with appropriate amount of LiOH and
alcined by the procedure described above. In the case of SG pro-
edure, the powders were synthesized by following our previously
escribed method, but without using chelating agent [22].
Finally, (Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (0 < x < 0.4) materials were
lso prepared by the MH  method with different x value followed
y calcination at 700 ◦C under oxygen atmosphere. In a typical
ynthesis, 0.125 M of MnCl2, Fe(NO3)3, and Ni(NO3)3 metal salts
AP2T700 2.887 14.277 4.95 0.77
MH2T700 2.881 14.276 4.94 0.98

were dissolved in distilled water and then appropriate stoichio-
metric amount of aqueous LiOH solution was  added to the metal
solution to obtain mixed hydroxide precipitates and further aged
overnight. Subsequently, the precipitate was filtered, washed to
remove residual Li salts and dried at 60 ◦C for 10 h. The final prod-
ucts were obtained by firing the precipitates with slight excess of
LiOH at 700 ◦C for 10 h under oxygen flow. The same procedure
was followed to prepare the samples with different x values. The
final products prepared with x = 0.2 using CP, AP, SG and MH at
700 ◦C were labeled as CP2T700, AP2T700, SG2T700 and MH2T700,
respectively. The materials synthesized with x = 0, 0.1, 0.3 and 0.4 at
700 ◦C through MH  method were named as MH0T700, MH1T700,
MH3T700 and MH4T700, respectively.

Phase purity and structural properties of the synthesized mate-
rials were analyzed by X-ray diffraction (XRD) measurements using
Rint 1000 Rigaku, Japan equipped with Cu K� radiation. Surface
morphologies of the powders were examined by SEM images (S-
4700 microscope, Hitachi, Japan). Brunauer–Emmett–Teller (BET)
surface area was analyzed through a Micromeritics ASAP 2010
surface area analyzer (Micromeritics, USA). The crystal structures
of the prepared powders were also confirmed by micro-Raman
spectrometer (LabRam HR 800, France) with holographic gratings.
All the electrochemical characterizations were carried out using
standard 2032-type coin cell configuration. For the fabrication of
composite cathode, 20 mg  of prepared material was  mixed with
3 mg  of Ketzen black and 3 mg  of teflonized acetylene black (TAB-
2) using ethanol. The slurry was  pressed on 200 mm2 nickel mesh
current collector and dried at 160 ◦C for 4 h. Test cells comprised of
composite cathode and lithium foil anode, which were separated
by porous polypropylene film separator (Celgard 3401) and filled
with 1 M LiPF6 (1:1 ethylene carbonate/dimethyl carbonate, Techno
Semichem Co., Ltd., Korea) electrolyte solution. The entire cell-
assembly process was  carried out in an argon-filled glove box. These
cells were galvanostatically charged and discharged at various cur-
rent densities between 2 and 4.5 V vs. Li at ambient temperature.

3. Results and discussion

The XRD patterns of Li1.2Mn0.32Ni0.32Fe0.16O2 phase prepared
with different synthesis techniques at 700 ◦C are presented in
Fig. 1a. It can be seen from Fig. 1a, that all the samples exhibit
phase-pure layered structure without any traces of impurities. In
addition, XRD peaks observed between 20◦ and 30◦ corresponds to
the super lattice ordering of Li and transition metal containing lay-
ers which is correlated to the dominance of Li2MnO3 end member
[13–16]. Moreover, the SG2T700 and CP2T700 powders exhibited
shoulder like reflections for hkl planes of (1 0 1) and (1 0 4), whereas
the materials prepared through AP and MH  methods showed quite
narrow peaks. The disappearance of shoulder like peaks indicate
that the powders prepared through AP and MH route comprised
the mixture of monoclinic and hexagonal layered phase [21]. The
XRD patterns are indexed based on �-NaFeO2-type structure with

R3̄m space group, which has the basic Mn(Ni) O Mn(Ni)· · ·linkage
units that formed the layered component [23]. The lattice param-
eters values are calculated from the XRD data and listed in Table 1.
In Table 1, small variation in the lattice parameter values can be
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Fig. 1. (a) XRD patterns of Li1.2Mn0.32Ni0.32Fe0.16O2 synthesized using different
methods at 700 ◦C in oxygen atmosphere. (b) Rietveld refinement of MH2T700 pow-
ders  calcined at 700 ◦C in oxygen atmosphere. The refinement parameters and the
�-NaFeO2 type crystal structure (R3̄m) are shown in inset and (c) Raman spectra of
the  powers prepared with SG, CP, AP and MH methods.

Table 2
ICP of Li1.2(Mn0.32Ni0.32Fe0.16)O2 prepared at different methods.

Elements SG2T700 MH2T700 CP2T700 AP2T700

Li 1.11 1.15 1.09 1.14
Mn  0.320 0.319 0.321 0.320

Fe  0.164 0.158 0.159 0.162
Ni  0.327 0.317 0.324 0.316

observed from one synthesis technique to another. It is well known
that, when the c/a ratio is higher than 4.9 the material posses
predominantly layered characteristics [24]. In the present case,
the c/a ratio of all the materials was higher than 4.9, which clearly
indicates the preparation of materials with excellent layered
structure characteristics. Intensity ratio of I(003)/I(104) is another
sensitive parameter to measure the cation disordering between Li
and transition metal layers [23,24]. It is apparent from Table 1, that
the I(003)/I(104) ratio for MH2T700 sample is around unity, which
indicates almost negligible cation mixing and this result is in good
agreement with other reports [1,25,26]. Therefore, a good elec-
trochemical performance is expected for the sample synthesized
using MH method. Furthermore, as per the Table 1, there might be
occurrence of fractional cation disordering between Ni and Li, but
not significant when compared to rest of the synthesis approaches.
In order to find out the cation disordering in sample prepared
with MH  method, the XRD pattern of MH2T700 was  examined by
Rietveld refinement and provided in Fig. 1b. The refinement was
carried out based on the assumption that occupancy of Li-ions in
3a site; transition metal ions in 3b site and O atoms in 6c site and
corresponding crystal structures based on �-NaFeO2 type with
R3̄m space group. The typical crystal structure is given as inset in
Fig. 1b. It has been reported that lithium ions and transition metal
ions occupy alternating layers in a cubic close packed framework of
oxygen, which correspond to 3a and 3b site [27]. The ICP analysis is
also carried out to ensure the composition of the elements present
in the compounds (given in Table 2). According to Rietveld analy-
sis, only 0.06 unit mole of Ni2+ from 3b site incorporates into the
lithium layer giving a final composition of (Li0.940 Ni2+

0.06)3a(Li0.260,
M0.740)3bO2, where M stands for transition metals (Mn, Ni and
Fe) whereas 0.08 unit mole of Ni2+ is intercalated for SG prepared
phases. This report clearly reveals that only lower amount of cation
disordering occurred in the case of MH2T700 sample.

The Raman spectrum was also employed to substantiate XRD
results for layered compounds prepared by abovementioned pro-
cess. Raman spectra of the sample prepared with different synthesis
method are presented in Fig. 1c. In the case of layered compounds,
Raman active modes are generally observed between 400 and
650 cm−1, which are related to the M O and O M O bending
modes originated from the vibration of oxygen atoms [28,29]. In the
present study, the peaks observed at 476 and 594 cm−1 for all the
samples represent the Raman-active species of Eg and A1g modes,
respectively. The oscillation strength of A1g mode exhibited higher
intensity (approximately two  times) than that of Eg mode [29].
In addition, the shifting of peak position toward higher frequency
region for MH2T700 sample indicates the expansion of inter-slab
distance, which promotes facile lithium ion diffusion during elec-
trochemical cycling, especially at high current rates [30].

The SEM images of Li1.2Mn0.32Ni0.32Fe0.16O2 samples prepared
by different methods are given in Fig. 2. The SG2T700 and CP2T700
samples exhibited uneven sized particulate morphology with
severe agglomeration. It can be seen from Fig. 2c, that for AP2T700
sample, the particles showed flake like morphology and were
arranged one over another, which formed bigger crystals. In the

case of MH2T700 (Fig. 2d), the powders exhibited almost cubic
shaped particles with sharp edges and uniform size distribution
(particle size ∼60–100 nm). BET surface area of the powders were
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Fig. 2. SEM images of (a) SG2T700, (b) CP2T700, (c) AP2T700 and (d

lso measured and found to be 4.44, 5.03, 12.05 and 20.17 m2 g−1 for
G2T700, CP2T700, AP2T700 and MH2T700 powders, respectively.
t is well known that, electronic transport properties of the mate-
ials also depend on the morphological features, therefore smaller
ize with higher surface area particles are favorable for facile diffu-
ion of Li-ions during electrochemical studies [31].

Cyclic voltammetric (CV) studies were conducted for
i1.2(Mn0.32Ni0.32 Fe0.16)O2 powders prepared by different syn-
hesis routes in half-cell configuration between 2 and 4.5 V vs. Li
t scan rate of 0.2 mV s−1 are represented in Fig. 3. It can be seen
rom Fig. 3, that all the samples exhibit one major oxidation peak
t ∼4.2 V vs. Li during charge and at ∼3.6 V vs. Li during discharge

2+ 4+
rocess. The presence of such peaks is attributed to the Ni /Ni
edox couple [22,26] and it is worth mentioning here that, in order
o maintain the charge neutrality the presence of Ni ions with
xidation state of 2+ is plausible in Li1.2(Mn0.32Ni0.32 Fe0.16)O2

ig. 3. CV traces of the test cell containing Li1.2Mn0.32Ni0.32Fe0.16O2 electrodes syn-
hesized using SG, CP, AP and MH methods in half-cell configuration between 2
nd 4.5 V vs. Li at scan rate of 0.2 mV s−1. Metallic lithium acts as both counter and
eference electrode during CV measurements.
T700 powders prepared at 700 ◦C under oxygen flow, respectively.

phase [32,33]. Furthermore, the absence of redox peak at ∼3 V
vs. Li suggests that Mn  ions are electrochemically inactive, which
clearly indicates the presence of Mn  in 4+ state [34]. As expected,
the shift in Li-extraction potential toward lower voltage was  noted
for CP2T700 sample (∼4.05 V vs. Li), which was presumably due to
severe cation mixing. Consequently, MH2T700 powder exhibited
a stronger current response during both anodic and cathodic
sweeps than rest of the materials prepared by different synthetic
routes. The higher current response of MH2T700 originated from
the smaller particle size with large exposed surface area, negli-
gible cation mixing and good contact toward current collectors,
which facilitated Li-ion diffusion during charge–discharge process
thereby resulting in enhanced electrochemical behavior [1,31].

Fig. 4a represents the typical galvanostatic charge–discharge
curves of the samples prepared by different synthesis techniques.
The cycling studies were conducted between 2 and 4.5 V vs. Li at
current density of 0.1 mA  cm−2 in ambient temperature. It is well
known that the Mn4+ cannot participate in the electrochemical
reaction due to its oxidation state, since the redox couple of
Mn4+/5+ is not electrochemically possible [13–16,34]. Furthermore,
it is obvious from the charge–discharge curves, that the absence
of a redox couple around 4 V vs. Li in indicates non-involvement
of Fe3+ in the electrochemical reaction, which is consistent with
the CV analysis [21,22]. Hence, the capacity is obtained by Ni2+/4+

redox couple, which is only possible via Ni3+ is assumed to be
formed during the testing range, which is in good agreement with
the CV studies [33]. This clearly demonstrates that the Mn4+ and
Fe3+ are electrochemically inactive and involved only for stabi-
lizing the crystal structure of Li1.2(Mn0.32Ni0.32Fe0.16)O2 during
the charge–discharge process [21,22]. All the samples exhibited
a smooth discharge curves until 3.5 V vs. Li and a flat plateau
was observed around 2.25–2 V vs. Li. However, the appearance of

such a gradient is not well understood and it is worth mentioning
that a similar kind of trend was also noticed by Tabuchi et al.
[20]. Among the cells tested, MH2T700-based cell showed very
low irreversible capacity loss (ICL) ca. 10% when compared to
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Fig. 4. (a) The initial charge discharge curves of SG2T700, CP2T700, AP2T700 and
MH2T700 cells in half-cell configuration and tested between 2 and 4.5 V vs. Li at con-
stant current density of 0.1 mA  cm−2. (b) Plot of discharge capacity vs. cycle number
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Fig. 5. XRD patterns of Li (Mn Ni Fe ) O (0 < x < 0.4) prepared by mixed

indicating that the material has low cationic disordering, which
or Li1.2Mn0.32Ni0.32Fe0.16O2 electrodes prepared by different synthesis methods and
c)  rate performance of the test cells at different current rates from C/30 to 13 C.

est of the materials. The possible reason for such a huge ICL is
ue to the presence of Ni2+ ions occupying the active Li-sites,
hich subsequently prevents the re-insertion of Li-ions during
ischarge process. The discharge capacity of 113, 140, 165 and
07 mAh  g−1 was observed for SG2T700, CP2T700, AP2T700 and
H2T700 powders, respectively. Apparently, discharge capacity of

he sample prepared by MH  method was higher when compared
o the others synthesis routes employed. Consequently, poor
tructural and morphological features of SG2T700 and CP2T700
amples resulted in less initial capacity. Fig. 4b shows the cycling
rofiles of Li1.2(Mn0.32Ni0.32 Fe0.16)O2 powders prepared with
ifferent methods at a constant current density of 0.1 mA  cm−2

.

he test cells retained 46%, 62%, 60% and 88% of initial reversible
apacity for SG2T700, CP2T700, AP2T700 and MH2T700 powders,
espectively. Amongst all the samples, MH2T700 sample showed
xcellent electrochemical behavior when compared to rest of the

ynthesis routes adopted. Apart from higher capacity, high rate
erformance is also one of the important criteria to be employed
o function as a cathode material in LIB. For the rate performance
1+x 0.4 0.4 0.2 1−x 2

hydroxide method with different x value at 700 ◦C under oxygen atmosphere (a) 0,
(b) 0.1, (c) 0.2, (d) 0.3 and (e) 0.4, respectively.

studies, no alterations in the composition of the electrodes were
made. The rate performance of the electrode materials prepared
with different synthesis procedure at various current densities
ranging from C/30 to 13 C with the potential range between 2 and
4.5 V vs. Li are presented in Fig. 4c. Linear decrease in capacity
profiles were noted with an increase in current rate irrespective of
the synthesis procedures employed. As expected, rate capability
and capacity profiles of MH2T700 electrode was higher than that of
other materials tested. The rate performance data clearly supports
the influence of synthesis method on the electrochemical perfor-
mances. The improved cycling behavior and rate performance of
MH2T700 electrode is attributed to the (i) smaller and uniform
sized particles with even distribution, (ii) relatively larger surface
area, (iii) negligible amount of cation mixing and (iv) its superior
structural integrity provided by Fe3+ ions in the layered matrix.
Importantly, small sized particles with larger surface area not only
bestow higher electrode/electrolyte interface for electrochemical
reaction, but also increases better contact toward current collector
and thereby increases lithium ion diffusion properties and con-
ductivity profiles as well [1,13,31]. This enhanced electrochemical
performance of MH2T700 clearly reflects/supports the results
observed from the SEM, BET and Raman analysis.

Apparently, MH  route is one of the efficient techniques to
produce high performance layered type electrode materials for
LIB. Excellent battery performance obtained from our previous
results for the development of eco-friendly and Fe containing
layered type materials by adipic acid assisted sol–gel technique
and present work with Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2, x = 0.2, which
motivated us to study the influence of metal concentration [22].
Therefore, we are very keen to alter the composition of cathodes
to study its influence while approaching other synthetic routes.
In other words, influences of x value on the electrochemical per-
formance were investigated by adopting the mixed hydroxide
process to attain the desired phase. Fig. 5 shows the XRD patterns
of Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (0 < x < 0.4) powders prepared using
MH method at 700 ◦C under oxygen flow. All XRD reflections were
similar to Li2-xMnO3−x/2 (�-NaFeO2 with R3̄m space group) rather
than nearly stoichiometric Li2MnO3 (monoclinic C2/m) phases with-
out any traces of impurities. The sub-lattice of oxygen in �-NaFeO2
formed a closed pack face centered lattice in c direction resulting in
a clear splitting of hexagonal doublet peaks [33]. Generally, if there
is no distortion, doublet reflection merges into a single peak. From
Fig. 5, it is clear that the splitting of (0 0 6)/(0 1 2) and (1 0 8)/(1 1 0)
is more evident indicating an increase in the hexagonal ordering of
the material with an increase in x value. It should be noticed here
that the (I(006) + I(102)/I(101)) ratio is decreased with x concentration
promotes the electrochemical performance [35]. The lattice param-
eters of samples were calculated and listed in Table 3 and found
that values were increased linearly with an increase in x value.
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ig. 6. SEM images of Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (0 < x < 0.4) powders obtained by 

espectively.

his difference in lattice parameter revealed that the samples were
repared with different structural integrity because lattice param-
ter is closely related with atomic distribution. It can be seen from
able 3, that MH4T700 sample exhibits the highest I(003)/I(104) ratio,

.e. lower cation mixing, which could be considered as quite bene-
cial for better lithium ion insertion/extraction reaction, whereas
H0T700 sample showed the least value. Moreover, value of c/a
as higher than 4.9 for all the samples, which is the typical charac-

eristic signature of the materials with layered structure [24]. The

CP analysis is also carried out to ensure the composition of the
lements in the compounds (given in Table 4).

Scanning electronic microscopic (SEM) images of
i1+x(Ni0.4Mn0.4Fe0.2)1−xO2 (0 < x < 0.4) samples are presented

able 3
attice parameter values of Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (0 < x < 0.4) powders synthe-
ized through MH method at 700 ◦C with different x values.

Sample ah (nm) ch (nm) c/a I003/I104

MH0T700 2.864 14.259 4.93 0.92
MH1T700 2.873 14.265 4.94 0.94
MH2T700 2.881 14.276 4.94 0.98
MH3T700 2.893 14.287 4.95 1.04
MH4T700 2.899 14.292 4.95 1.10
 hydroxide method with different x value (a) 0, (b) 0.1, (c) 0.2, (d) 0.3 and (e) 0.4,

in Fig. 6. All the samples exhibited similar kind of particulate
morphology with sharp edges and uniform distribution of the
particles. Gradual increase in the particle size from 70 to 125 nm
was noted with an increase in the x value. The increase in particle
size is known to originate from the higher lithium content, which
enhances particle growth during synthesis process [19–21,33].

Typical galvanostatic charge–discharge curves of
Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (0 < x < 0.4) phase materials in half-cell
configurations were cycled between 2 and 4.5 V vs. Li at current
density of 0.1 mA  cm−2 and presented in Fig. 7a. It can be seen from

Fig. 7a, that the charge and discharge capacities of the samples
are linearly increased with an increase in x value 0.2 and tend to
decrease beyond 0.2 content (Fig. 7b). Not only variation in the

Table 4
ICP of Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (0 < x < 0.4) powders synthesized through MH
method with different x values at 700 ◦C.

Elements MH0T700 MH1T700 MH2T700 MH3T700 MH4T700

Li 0.98 1.06 1.15 1.26 1.34
Mn  0.398 0.359 0.319 0.279 0.237
Fe  0.199 0.179 0.158 0.141 0.119
Ni  0.397 0.362 0.317 0.281 0.24
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ig. 7. (a) Galvanostatic charge–discharge curves of the Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2

0 < x < 0.4) samples with different x value at current density of 0.1 mA cm−2 between
 and 4.5 V vs. Li and (b) plot of discharge capacity vs. cycle number.

pecific capacities, also variation in OCV is evident from the Fig. 7a.
his variation in OCV is mainly due to the hexagonal ordering of
he layered compound, which substantially provides necessary
onductivity to enable higher potential [36]. Therefore, similar
ind of variation in the electrochemical trends are anticipated
nd evidenced from the Fig. 7b. The influence of x content on
he electrochemical properties of the solid-solution, particularly
uring discharge process is evident from Fig. 7b. An additional
ischarge plateau at ∼2.25 V vs. Li is observed for the concentration
f x = 0.2, 0.3 and 0.4 only, which is not detected for the samples
ith lower x concentrations [37,38]. The test cells delivered

nitial discharge capacities of 93, 117, 207, 179 and 143 mAh  g−1

or MH0T700, MH1T700, MH2T700, MH3T700 and MH4T700
owders, respectively. This may  be due to the morphological effect
f the materials, since size of the particles directly influences the
i-diffusion properties [22,27,31]. Fig. 7c represents the cycling

erformance of samples prepared with different x value at ambient
emperature conditions. Irrespective of the x content, a meager
mount of capacity fading was noted during the cycling process. As
xpected, MH2T700 powder exhibited higher cycleability than rest
a Acta 108 (2013) 749– 756 755

of the prepared concentrations which indicates the influence of x
value is found not impressive. Nevertheless, structural integrity
of MH04T700 sample was  found to be higher though it delivered
slightly lower capacity when compared to MH2T700 powders and
presented good cycleability when compared to the others, which
exhibited almost negligible amount of capacity fading, whereas
MH0T700 rendered poor cycle life. The rapid capacity fading of
MH0T700 sample may  be attributed to the formation of spinel-like
oxide during the subsequent cycling and similar kind of behav-
ior has been noted for Li2MnO3 and LiCoO2–Li2MnO3 systems
[39,40]. The test cells with different x content retained the initial
discharge capacity of 93%, 88% and 90% for MH01T700, MH02T700
and MH03T700 powders, respectively. Importantly, highest
reversible capacity of ∼162 mAh  g−1 was noted after 20 cycles for
MH02T700 sample. This observation further convinces that x = 0.2
would be an optimum concentration to yield high performance
Li1+x(Ni0.4Mn0.4Fe0.2)1−xO2 solid-solutions in terms of higher
reversible capacity, capacity retention and eco-friendliness by
mixed hydroxide approach [19,20,22,41,42]. Further studies are in
progress to improve the cycle life of the samples by increasing the
lithium content or minimizing cubic phase formation. These results
clearly demonstrated that the appropriate amount of nickel and
iron substitution in layered Li2MnO3 phase remarkably improved
the electrochemical performances of native phase to develop high
capacity cathode active material with eco-friendliness and low
cost to power HEV and EV applications in near future [33].

4. Conclusions

‘Cobalt-free’ layered type Li1.2(Mn0.32Ni0.32 Fe0.16)O2 (x = 0.2)
materials were synthesized using different synthesis approaches.
The XRD patterns revealed the formation of layered �-NaFeO2
structure with existence of super-lattice monoclinic Li2MnO3
phase. The Li1.2(Ni0.32Mn0.32Fe0.16)O2 phase prepared with mixed
hydroxide method at 700 ◦C delivered highest reversible capac-
ity of 207 mAh  g−1 with good capacity retention characteristics
than sol–gel, co-precipitation and acetate precipitation. The excel-
lent performance of sample prepared by MH method was due
to the smaller particle size with high specific surface area
and good hexagonal ordering than other synthesis techniques
employed. Furthermore, mixed hydroxide process was used to
study the effect of x content on the electrochemical properties
of Li1+x(Mn0.4Ni0.4Fe0.2)1−xO2 (0 < x < 0.4) solid-solution. At lower
concentration (0 < x < 0.1), test cells delivered poor electrochemical
performance due to the existence of higher amount of Li2MnO3 con-
tent. On the other hand, MH4T700 sample exhibited good capacity
retention characteristics because of the structural integrity pro-
vided by Mn4+ and Fe3+ ions. This study brings forth the information
that, Li1+x(Ni0.4Mn0.4Fe0.2)1−xO2 (0 < x < 0.4) solid-solution contain-
ing inexpensive Ni, Mn and Fe component is an attractive 4 V
eco-friendly, low cost cathode material for lithium ion batteries.
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