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Layered Li1+x(Mn0.4Ni0.4Fe0.2)1-xO2 (0 < x < 0.3) solid solutions were synthesized using solgel method with

adipic acid as chelating agent. Structural and electrochemical properties of the prepared powders were

examined by means of X-ray diffraction, Scanning electron microscopy and galvanostatic charge/discharge

cycling. All powders had a phase-pure layered structure with R3m space group. The morphological studies

confirmed that the size of the particles increased at higher x content. The charge-discharge profiles of the solid

solution against lithium using 1 M LiPF6 in EC/DMC as electrolyte revealed that the discharge capacity

increases with increasing lithium content at the 3a sites. Among the cells, Li1.2(Mn0.32Ni0.32Fe0.16)O2 (x = 0.2)/

Li+ exhibits a good electrochemical property with maximum initial capacity of 160 mAhg−1 between 2-4.5 V

at 0.1 mAcm−2 current density and the capacity retention after 25 cycles was 92%. Whereas, the cell fabricated

with x = 0.3 sample showed continuous capacity fading due to the formation of spinel like structure during the

subsequent cycling. The preparation of solid solutions based on LiNiO2-LiFeO2-Li2MnO3 has improved the

properties of its end members. 
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Introduction

Layered LiCoO2 has been widely adopted as the positive
electrode materials in lithium ion batteries (LIB) for com-
mercial applications such as mobile phone, laptops and other
customer electronic devices. Increasing the cell voltage and
capacity of LIB is substantial to extend their potential
application to large scales like hybrid electrical vehicles
(HEV) and plug-in hybrid electric vehicles (PHEV). While
LiCoO2 showed excellent electrochemical behavior, the high
cost and toxicity of cobalt leads to lookout for the alter-
natives such as LiMO2 (M = Ni or Mn) and Li2MnO4.1

Although there has been much works focused on the
optimization of Ni and Mn based cathode materials, the
troubles still remain for adopting them in practical appli-
cations.2-4 The olivine type LiFePO4 is a promising cathode
material for LIB due to its low cost and stable cyclic per-
formance. But, low electronic conductivity and low cell
voltage (~3 V) of LiFePO4 confined its possibility to utilize
in HEVs.5 The selection of positive electrode materials with
high lithium content is an effective way to increase the cell
capacity and voltage, which can be used in larger scale ap-
plications. Layered manganese oxide (Li2MnO3) has attracted
much attention as alternative cathode for LIB due to its high
lithium content, less cost, low toxic nature than LiCoO2.
Unfortunately, the oxidation state of Mn in Li2MnO3 is fixed
as 4+ and it cannot be further oxidized beyond to Mn5+ state
in an octahedral oxygen environment.6 Moreover, the ex-
traction of two lithium ions from its structure during charg-
ing and reinsertion of only one lithium ion during discharg-

ing limits the overall capacity of the cell to store charge. To
surpass this problem, a new concept of preparing one and
one solid solution between Li2MnO3 and LiMO2 (M = Ni,
Co or Cr) such as Li[Li(1-2x)/3NixMn(2x)/3]O2 and Li[Li(1-x)/3Co
(Cr)xMn(2-2x)/3]O2 has been studied.7-11 The structure of the
above mentioned solid solutions was stabilized by Co3+ or
Cr3+ that partially replaced Li+ and Mn4+ in Li[Li1/3Mn2/3]O2,
while maintaining the oxidation state of other remaining Mn
atoms in the 4+ state. Inspite of delivering improved struc-
tural and electrochemical behavior, the toxic nature of Cr
and Co hindered those materials to be utilized in larger scale
LIB applications. 
Compared with lithium metal oxides containing cobalt,

nickel, and chromium in layered solid solutions, lithium-iron
oxides have advantages in terms of reduced costs and toxi-
city. Recently, Tabuchi et al. have proposed a series of iron
containing Li2MnO3 (Li1+x(FeyMn1-y)1-xO2, 0 ≤ x ≤ 1/3, 0.3 ≤

y ≤ 0.7) layered material as new class of cathode materials
for LIB.12,13 Because of its lower discharge voltage and
capacity (> 80 mAhg−1), these materials may not be used for
LIB in large scale application. Of late, the same group
reported the nickel and iron substituted Li2MnO3 (Li1+x
[(Fe1/2Ni1/2)yMn1-y]1-xO2, 0 < x < 1/3, 0.2 ≤ y ≤ 0.8) with and
improved electrochemical performance.14 Although these
materials were prepared with good structural properties, it
exhibited poor cycling performance due to its synthesis
conditions. Since these materials were prepared using a
combination of co-precipitation-hydrothermal-solid state
methods, the electrochemical performance for long term
cycling was affected. Moreover, hydrothermal step is a com-
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plicated process and an oxidizer was also used additionally,
which can increase the production cost. Due to the depletion
of natural oil resources and increase in market demand for
HEVs and PHEVs, it is necessary to develop low cost and
environmental friendly energy source material by simple
preparation methods. In our previous work, we prepared a
series of low cost and green Li1+x(Mn0.4Ni0.4Fe0.2)1-xO2

(0 < x < 0.3) cathode material using simple adipic acid (AA)
assisted sol-gel method for advanced LIB application.
Among the materials prepared, Li(Li0.2Mn0.32Ni0.32Fe0.16)O2

(x = 0.2) with 1 M AA at 700 oC exhibited better electro-
chemical performance with improved cycling behavior.15 In
this work, we report the optimization of x value in (Li1+x
(Mn0.4Ni0.4Fe0.2)1-xO2 (0 < x < 0.3)) and their effect on its
battery performance. These composite materials have the
advantages of three end members such as high capacity of
LiNiO2, low cost of LiFeO2 and good thermal stability of
Li2MnO3. 

Experimental

A sol-gel method was adopted to synthesis Li1+x(Mn0.4Ni0.4-
Fe0.2)1-xO2 (0 < x < 0.3) powders using adipic acid as chelat-
ing agent. A desired amount of Li(CH3COO)·2H2O (Wako,
Japan), Ni(CH3COO)2·H2O (Aldrich), Fe(CH3COO)2·H2O
(Aldrich), and Mn(CH3COO)2·4H2O (Aldrich) were dissolv-
ed in triple distilled water, and added drop wise to a
continuously stirred aqueous solution of AA (Aldrich). The
molar ratio of AA to total metal ions was unity. The pH of
the reaction mixer was adjusted to seven using ammonium
hydroxide (NH4OH) solution. The resultant solution was
heated at 80 °C until a transparent sol was obtained. As the
water evaporated further, the sol transforms into a viscous
transparent gel. The resulting precursors were decomposed
at 400 °C for 2 h in order to eliminate the organic compo-
nents. The final product was obtained by the calcination of
decomposed powders at 700 °C for 10 h in air. 
The phase purity of the prepared powders was examin-

ed by X-ray diffraction measurement (Rint 1000 Rigaku,
Japan) using Cu Kα radiation. The surface morphological
features of the powders were observed by FE-SEM analysis
(S-4700 microscope, Hitachi, Japan) and transmission
electron microscopy (TEM, TecnaiF20, Philips, Holland).
Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were carried out using
an electrochemical analyzer (SP-150, Bio-Logic, France).
The charge/discharge test (C-DC) was performed in CR2032
type cell. The cathodes for the coin cell were prepared
by pressing the mixture of 20 mg of prepared materials,
3 mg of Ketjen black and 3 mg of Teflonized acetylene
black (TAB) mixture on 150 mm2 nickel mesh and dried at
160 oC for 4 h in a vacuum oven. The test cells were
fabricated in an argon filled glove box by pressing a cathode
and lithium metal anode separated by a porous poly-
propylene separator (Celgard 3401). 1 M LiPF6 in 1:1 EC/
DMC (v/v) was used as electrolyte. The cell was charged/
discharged at 10 mAcm−2 current density between 2-4.5 V at

ambient temperature.

Results and Discussion

The XRD patterns of Li1+x(Mn0.4Ni0.4Fe0.2)1-xO2 (0 < x <
0.3) powders prepared using AA assisted sol-gel method
were presented in Figure 1(a). The diffraction patterns of all
samples were similar with no impurity peaks, which are
attributed from the homogeneous atomic scale mixing of the
starting materials. The additional less intense peaks between
2θ = 21-25o were considered to be attributed to the formation
of monoclinic Li[Li1/3Mn2/3]O2 phase (C2/m). The super-
lattice ordering resulted from the short-range ordering of Li,
Fe, Ni, and Mn atoms in the transition metal layers.7,10,15,16

The layered characteristic behavior of the materials was

Figure 1. (a) XRD patterns of Li1+x(Mn0.4Ni0.4Fe0.2)1-xO2 (0 < x <
0.3) powers synthesized using adipic acid assisted sol-gel method
at 700 oC (b) Variation of lattice parameter with x content.
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increased with increasing x value, which was confirmed by
the disappearance of the shoulders for (1 0 1) and (1 0 4)
peaks as well as the clear splitting of hexagonal doublets.13-15

Therefore, all the patterns were able to be indexed based on
a hexagonal α-NaFeO2 (with space group of R3m) layered
structure along with some additional peaks caused by
monoclinic distortion.12,15 The lattice parameters for all
samples were calculated based on hexagonal structure and
presented as plot against x value in Figure 1(b). The values
of a and c are slightly larger with increasing x value, demon-
strating the effect of lithium substitution on the structural
parameters. According to the effect of ionic radii proposed
by Shannon.17 the radius of Li+ (0.76 Å) is larger than that of
Ni2+ (0.69 Å), Fe3+ (0.69 Å) and Mn4+ (0.53 Å, six-fold
coordination). Since the radius of Li+ is larger, the sub-
stitution of Li+ for metal ions causes the increase in lattice
parameters. Moreover, the c/a ratio of all samples is more
than 4.9, indicating the good layered behavior of synthesized
samples. It is well known that with increasing c/a ratio
beyond 4.90, the ordering of the layered structure increases
and the crystal structure becomes more hexagonal.4 How-
ever, it is well known that the c/a value and cation mixing
amount showed change with increase in Ni content. The
higher Ni content resulted in worse hexagonal ordering
along with a higher cation mixing. Among the sample, the
sample with x = 0.2 has the I(0 0 3)/I(1 0 4) ratio of about 0.84,
which is also agreement with the value reported by Ohzuku
et al. (0.84).3 This is clearly indicated that there may be a
small proposition of Ni and Li ions undergo interchange of
sites in the crystal lattice. It is believed that the fractional
cation mixing may not lead to the formation of inactive
rock-salt domains that affects the electrochemical property.15

Figure 2 illustrated the surface morphology of powders
prepared with different x values at 700 oC. From Figure 2, it
is clearly revealed that the particle size gets increased with
increase in x value, which may be due to the incorporation of
high lithium into the crystal lattice that leads to the crystal
growth. As can be seen from Figure 2(a) and 2(b) that the

sample with low x content (0 and 0.1) showed uneven
morphology and size distribution, while the sample with
x = 0.3 exhibited flake like morphology and the flakes are
stacked over each other forming a bigger molecule. Among
the powders prepared, the sample with x = 0.2 has the particles
of around 95 nm size with uniform size distribution. It was
proposed that the small particles of 100 nm size with even
distribution is beneficial for better Li+ diffusion and enhanc-
ed electronic transport at high current rates.18,21 The small
particles of 10-20 nm size observed on the surface of all
sample in Figure 2 could be considered as carbon. 
The TEM analysis performed confirms the presence of

carbon on the surface of the particles and the images of
x = 0.2 sample was given in Figure 3. Figure 3(a) clearly
demonstrated that the uniform size distribution of the particles
with the size of around 80-100 nm are observed, which is
correlated well with the SEM studies. It can be seen more
clearly from Figure 3(b) that a nanolayer amorphous carbon
is coated on the surface of particles, which was attributed to
the carbonization of adipic acid during the heat treatment
process. In addition, the degree of homogeneity of the sample
with x = 0.2 was also confirmed using TEM analysis. Figure

Figure 2. SEM images of Li1+x(Mn0.4Ni0.4Fe0.2)1-xO2 (0 < x < 0.3)
powers with different x value (a) x = 0 (b) x = 0.1 (c) x = 0.2 and
(d) x = 0.3.

Figure 3. TEM images of (a and c) Li1.2(Mn0.32Ni0.32Fe0.16)O2

particles with 1 M adipic acid, (b) presence of carbon on the
surface of the particles. (d) Mapping of C, (e) mapping of Fe, (f)
mapping of Mn and (g) mapping of Ni.
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3(d)-3(g) illustrated the metal ions distribution with similar
intensities corresponding to the mapping area as shown
Figure 3(c), indicating the molecular level mixing of the
starting materials. Furthermore, it can be concluded from the
Figure 3(d) that the uniform distribution of the carbon on the
surface of the samples.
The C-DC studies of the cells fabricated were performed

between 2-4.5 V at 0.1 mAcm−2 current density and the
corresponding initial C-DC curves of Li/Li1+x(Mn0.4Ni0.4-
Fe0.2)1-xO2 (0 < x < 0.3) cells were presented in Figure 4(a).
The electrochemical charging process of all cells occurred in
two dominant stages as evident in Figure 4(a). During the
first stage, a smooth charging profile started at open circuit
voltage and uniformly increases to 3.7 V and then, the
charging of the cells holds at 3.8 V where the oxidation of
Ni2+ to Ni4+ occurred.19 In the second stage, a voltage plateau
above 4.45 V was observed, which was mainly due to the
electrochemical removal of Li2O from the structure associat-
ed with the active oxygen loss from the lattice.7,8,20 The
removal of Li2O from the structure at high potential range
yields an electrochemically active MnO2 component, which
is responsible for maximizing the discharge capacity. It can
also be seen from the Figure 4(a) that the flat charging
plateau over 4.45 V gets increased with increase in x value
up to 0.2 and then slightly decreases, which is the main
characteristic behavior of a solid solution in the higher
Li2MnO3 content. It is worth mentioning here that the Fe
ions did not oxidize or reduce during the C-DC process,
which was confirmed by the disappearance of a voltage
plateau around 4 V, resulting from the partial cation mixing
between the transition metal layers by Fe ions.5,13,15 Mean-
while, the manganese ions did not participate in the electro-
chemical process due to the limitation of oxidation stage of
Mn4+ to form Mn5+.5,6 From the above observation, it was
concluded that both Mn and Fe acted as inactive members to
stabilize the Ni redox reaction in the crystal structure of
Li1+x(Mn0.4Ni0.4Fe0.2)1-xO2 (0 < x < 0.3) solid solutions during
intercalation/de-intercalation.5,13-15 Although a large irrever-
sible capacity (ICL) loss was observed for all cells, a
columbic efficiency of over 99% was achieved after second
cycle irrespective of samples tested. During the first charge,
the Li1-zNi1+zO2 structure (α-NaFeO2 system) was destroyed
due to the deintercalation of Li+ from unstable 3a site and the
total quantity of Li+ for intercalation for first discharge will
be limited, which leads to the large ICL.21 The x content also
affected the discharge profile as shown in Figure 4(a). A
smooth downward discharge curve was obtained for the
samples x = 0 and 0.1. An additional discharge plateau was
observed for the samples with x content 0.2 and 0.3 which
was not detected for the samples with high Fe content.
Although the origin of the plateau is still unknown, it was
also observed in previous studies.13-15 Among the cells, the
Li1.2(Mn0.32Ni0.32Fe0.16)2/Li+ cell delivered the highest dis-
charge capacity of 160 mAhg−1, while the sample with x = 0
delivering the lowest capacity of 106 mAhg−1 at 0.1 mAcm−2

current density. The samples prepared with x = 0.1 and 0.3
delivered a capacity of 138 and 144 mAhg−1, respectively,

at the same current density. The highest capacity of
Li1.2(Mn0.32Ni0.32Fe0.16)2/Li+ cell was attributed from its well-
defined structure with uniform particle size and distribution
of the cathode material. Since the morphological feature of
any material directly affects its electrochemical performance,
the capacity of the samples linearly increased and then de-
creased at higher x content. It was reported that the materials
with around 100 nm size could be exhibit a better lithium ion
diffusivity,15,18, 22 and hence the sample prepared with x = 0.2
delivered an enhanced capacity, which correlated well with
the SEM and TEM results. The cyclic behavior of Li1+x
(Mn0.4Ni0.4Fe0.2)1-xO2 (0 < x < 0.3)/Li+ cells were presented
in Figure 4(b). As seen from Figure 4(b), the cyclic behavior
of the cell strongly depends on its structural integrity. Since
the structural integrity of the sample prepared with x = 0.2
was high, it delivered maximum capacity of 160 mAhg−1 in
the first cycle and maintained about 148 mAhg−1 capacity
after 25 cycles at 0.1 mAcm−2 current density, which corre-
sponds to the retention of 92%. While the sample prepared
with x = 0, 0.1 and 0.3 showed a capacity retention of about
87, 75 and 67%, respectively. The excellent cyclic behavior
of Li1.2(Mn0.32Ni0.32Fe0.16)O2/Li+ could be attributed to its

Figure 4. (a) Initial charge discharge curves of Li1+x(Mn0.4Ni0.4-
Fe0.2)1-xO2 (0 < x < 0.3)/Li

+ cells at 0.1 mAcm−2 current density
between 2-4.5 V in 1 M LiPF6/1:1 EC/DMC electrolyte and (b) the
cyclic behavior of the cells with various x content for 25 cycles.
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well defined structure and size. The poor cycling behavior of
the sample prepared with x = 0.3 may be the result of its
uneven particle shape, which hinder the lithium mobility and
also from the formation of spinel-like oxides during the
subsequent cycling process.23,24 The formation of LiFeO2 or
LiMnO2 made the particles to undergo structural changes
during the C-DC process, resulting in the dissolution of Mn
or Fe ions in electrolytes. This reduced the amount of
activators such as Mn and Fe ions, which is used for stabiliz-
ing the structure of Li1.3(Mn0.28Ni0.28Fe0.12)O2 and hence
the continuous capacity fading occurred.14,25,26 It was also
reported that the substitution of small amount of 3d metal
cations has remarkably improved its electrochemical cycling
performance by reducing faster lithium ion intercalation/
deintercalation.13,15 The cycling test of the cells with differ-
ent x value clearly revealed that the stabilization of charge-
discharge curves during the cycling process is attributed
to the advantages of both Fe and Ni inclusions in
Li2MnO3.5,7,12,14 These results clearly demonstrated that
x = 0.2 is an optimum value for Li1+x(Ni0.4Mn0.4Fe0.2)1-xO2

active materials, which is well agreed with the previous
reports for layered materials.4,12,13,15

The cyclic voltammetry of Li1.2(Mn0.32Ni0.32Fe0.16)O2/Li+

cell conducted between 2-4.5 V at 0.5 mVs−1 for 15 cycles
and corresponding CV traces were presented in Figure 5(a).
As seen from Figure 5(a), there is an appearance of one
anodic peak around at 4.2 V during charging process and
corresponding reduction peak is observed at 3.6 V on
discharge corresponding to the oxidation of Ni2+ to Ni4+ and
the subsequent reduction of Ni4+ in the solid solution.27 It is
noted from CV curve that there is no cathodic peak observed
around ~3 V, indicating Mn3+/Mn4+ redox couple does not
involve in the electrochemical reaction during the C-DC
process.7 Moreover, no redox peaks corresponding to the
Fe3+/4+ was observed within the recorded potential range,
clearly demonstrating that Mn and Fe are electrochemically
inactive and are mostly used to stabilize the Li1.2(Mn0.32-
Ni0.32 Fe0.16)O2 structure. It is also found that the intensity of
the CV curves become low during the subsequent cycles.
The decrease in peak intensity may arise from the cation
mixed during the initial few cycles. From the fourth cycle
onwards, the CV traces are almost overlapped, revealing an
excellent electrochemical reversibility of lithium ions during
the C-DC process in Li1.2(Mn0.32Ni0.32Fe0.16)O2 compound.
The higher reversibility of Li1.2(Mn0.32Ni0.32Fe0.16)O2 elect-
rode might be attributed to the small particles with uniform
distribution and good contact between the particles, which
facilitate the Li-ion diffusion enormously, thereby enhanced
its electrochemical behavior.15,18,21

The Nyquist plots of Li1.2(Mn0.32Ni0.32Fe0.16)O2/Li+ cell
recorded before and after cycling at 0.1 mAg−1 between 2-
4.5 V was illustrated in Figure 5(b). In Figure 5(b), the semi-
circle at high frequency region represents the impedance
associated with the formation of solid state interface (solu-
tion resistance, Rs) layer between the surface of electrode
and electrolyte and the semicircle is corresponding to a
faradaic charge transfer resistance at the interface as well as
its relative double layer capacitance. The inclined part at the
low frequency end is a Warburg tail that implies the lithium
ion diffusion control process between the electrode-electro-
lyte interfaces.15 A small variation in Rs was observed upon
cycling from the impedance spectrum, which could be
neglected.15,28 According to the Suresh et al. this small
variation in Rs value was attributed to the formation of
insulating film consisting of lithium compounds on surface
of the electrode.29 As well as, the variation was also resulted
from the destruction and modification of SEI layer due to
current flux during the C-DC process.30 Since the chemistry
of lithium ions present in electrolyte is complicated, this
complex mechanism leads to poor contact between the
conducting species in the electrolyte, which also results in a
slight variation in Rs.31,32 Furthermore, the large difference in
the charge transfer resistance (Rct) after cycling probably
caused from the increase in electrode surface area due to the
expansion and contraction process during the cycling.33,34 It
is mainly owing to the smaller size of particles, ensuring the
reduction of diffusion path for lithium ions and thereby
increasing the conductivity, which will contribute to reduce
the Rct and hence its cycling performance was improved.

Figure 5. (a) CV curves of Li1.2(Mn0.32Ni0.32Fe0.16)O2/Li
+ cell

recorded at 0.5 mV/s scan rate between 2-4.5 V for 15 cycles (b)
Nyquist spectrum of Li1.2(Mn0.32Ni0.32Fe0.16)O2/Li

+ cell before and
after cycled at 0.1 mAcm−2 current density. 
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These discussions were well agreed with the results obtained
from the SEM and C-DC studies.

Conclusion

A series of green Li1+x(Mn0.4Ni0.4Fe0.2)1-xO2 (0 < x < 0.3)
composites were prepared using adipic acid assisted solgel
method and their potential to utilize as cathode materials for
lithium ion batteries have been studied. Among the materials
synthesized, the composite with x = 0.2 exhibited excellent
electrochemical performance with enhanced cyclic behavior.
This improved performance was attributed to its well-
ordered layered structure and small particles with uniform
size distribution. These layered materials containing iron
could be used as low cost and eco-friendly energy source
materials for large scale lithium ion batteries application.
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