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ABSTRACT

LiMn,0, has been explored as a cathode material for Li-ion batteries. The usual method
to produce LiMn,Oy has been the solid state reaction process. We report the synthesis of
spinel phase lithium manganese oxide (LiMn,0,) nanoparticles through a template-free
starch-glycine assisted solution combustion synthesis (SCS). The method is a single step
method. The resultant powder was characterized by X-ray diffraction (XRD) and field

emission scanning electron microscopy (FE-SEM) techniques, which were studied in

Keywords details to observe the structural and electrochemical properties.
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Introduction

The tremendous challenges in energy and environment
are known to everybody and there is no single solution to
these challenges. Currently, we heavily rely on the energy
from fossil fuels to satisfy the demands. These fossil fuels are
non renewable energy sources and hence, in near future we
would be devoid of these sources. Further, as the population is
increasing at faster rates so is the consumption of these fuels
and hence more is the required demand. Nearly 65% of the
current energy demand is being fulfilled by petroleum and
coal. The consumption of which not only diminishes these
sources of energy but also produce hazardous green house
gases and toxins thus, affecting life on all fronts (economically
and technically, ecology and health, present and future) [1,2].

Renewable energy resources such as wind, tidal,
geothermal and solar energy have been investigated as
alternatives to fossil fuels. The energy produced from these
sources not only is boundless but also clean. Though the
energy density of these sources are not comparable to the
fossil fuels but their abundance make them highly interesting.
For example, solar energy, being the most abundant of
renewable energy source is also the most easily available
source of energy on the earth. It is envisaged that the solar
energy received by the earth in a single day is sufficient
enough to fulfill the energy demands of current world’s
population for nearly sixteen years [2,3]. Even though the
renewable energy harvesting is very interesting but it is not
easy at the same time. The renewable energy conversions are
of very low efficiency and this energy is not same throughout
the year neither is it available at all places nor at all times. The
renewable energy utilization may be divided into three main
steps: harvesting, conversion and storage. Thus storing
renewable energy after harvesting is an important aspect in the
energy utilization.

Significant progress has been made, in recent years both
in terms of renewable energy harvesting, conversion and
storage.
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Nanomaterials based novel designs have demonstrated
very promising results in increasing the efficiency in energy
utilization [4,5] and as such, electrical energy storage is a key
technology. It maintains the key to promote the use of
renewable energy and to curb the green house gas emissions.
During the last twenty years, great progress has been made in
the electrical storage systems, but no current system is able to
meet the targets set for the demanding applications, with
regards to energy and power density, price and life time [6].
Lithium ion batteries (LIBs) are among the most promising
storage devices, offering high energy and power densities,
long cycle life, no memory effects and slow self-discharging,
finding applications in portable power tools, wireless
communication devices and hybrid electric vehicles etc [7-11].
Lithium ion batteries also do posses advantages of safety, low
cost and environmental friendliness [12-23]. Much interest has
been drawn towards the electrode materials of the lithium ion
batteries.  The electrode material should be capable of
operating at elevated temperatures and at large current
densities [8, 24-26].

The most commercialized cathode material for lithium
ion batteries has been the lithium cobalt oxide (LiCoO,).
However, the high cost and toxicity of cobalt prevents its use
in green LIBs. Among various cathodes proposed for LIBs,
the most promising one is the spinel lithium manganese oxide
(LiMn,0Oy). It makes its way due to its non-toxicity, low cost,
abundance and ease of synthesis, besides being environmental
friendly [7,27,28]. The intercalation and deintercalation of
lithium ion is easy because of the 3D tunnel structure of spinel
lithium manganese oxide [8-11, 29] as shown in fig. 1. The
framework was first demonstrated by Thackeray et. al. for
lithium insertion host in LiMn,0O,4 for a rechargeable electrode
in a lithium ion battery [30-32]. It has an arrangement of fd3m
space group in which lithium ion occupies a 8a tetrahedral
sites, manganese at 16d sites and oxygen at 32e sites [33-35].
The edge-shared octahedral Mn,O, host structure being highly
stable and because of face-sharing of tetrahedral lithium (8a)
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sites and empty octahedral (16c) sites, possesses a series of
tunnels which intersect each other.

oxygen

lithium
ion

Manganese ion

Figure 1. LiMn,O, spinel structure. Adapted from:

http://people.cst.cmich.edu.

Lithium diffusion occurs through such tunnels. At about 4
V, the lithium intercalation/deintercalation into/from the 8a
tetrahedral sites occurs while maintaining the cubic spinel
symmetry [36].

The usual method to produce LiMn,0O,4 has been the solid
state reaction process [37-44]. But this method has several
disadvantages of in-homogeneity, irregular morphology,
broader particle size distribution, poor control of
stoichiometry and longer periods of calcinations [45]. Spray
pyrolysis has been considered as the versatile process to
synthesize homogeneous LiMn,O, but it leads to the
discharge of toxic and corrosive gases [46]. Numerous other
wet chemical methods, which include co-precipitation method
[47,48], emulsion drying [49,50], hydrothermal method [51],
the sol-gel method [45,52], pechini process [53] and
combustion synthesis method [54] etc have been explored to
synthesize LiMn,0O,4 powders to overcome the drawbacks of
other methods. Among these methods, solution combustion
synthesis method, solution mixture of aqueous metal salts and
fuels, based on exothermic and self sustaining reaction is a
promising method to synthesize LiMn,O, powders. It is a
single step method to yield nanosize particles having large
specific surface area and homogeneous doping of trace
amounts of various elements, besides being an environmental
friendly synthesis method [55].

We report the synthesis of LiMn,O, nanoparticles by
using a glycine, urea and starch assisted solution combustion
process (SCS). The as synthesized powder were characterized
by X-ray diffraction (XRD) and field emission scanning
electron microscopy (FE-SEM), to confirm the formation of
LiMn,O, nanoparticles and to study the morphology,
crystallite size and structure.

Materials

Lithium Acetate (Thomas Baker), Manganese Acetate
(Qualigens), Glycine (SD fine Chemicals), Starch (Fisher
Scientific), Urea (Fisher Scientific) and Distilled water. All
the reagents were used without any treatment or purification.
Experimental Procedure

In the solution combustion synthesis of LiMn,O,,
stoichiometric amounts of lithium acetate, manganese acetate,
glycine, starch and urea were added in a beaker with 650 ml of
distilled water. The solution was magnetically stirred for 3
hours and then transferred to the muffle furnace and heated up
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to 700 °C. A schematic approach of the solution combustion
synthesis of LiMn,QO, is depicted in the flow chart as shown in
fig. 2.

The heat was increased at a rate of 1.5 °C per minute,
starting from 0 °C. The final temperature (700 °C) was
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Figure 2. Flow chart showing various steps in the synthesis
of LiMn,O, by solution combustion method.

Maintained for 2 hours. All the thermal treatment of the
solution was done in open air conditions only. Without
removing the product from the furnace, it was allowed to cool
down naturally, under open air conditions for 12 hrs. The
porous foam like product was retrieved, ground into fine
powder using mortar and pestle and characterized without any
further treatment.

Characterization, Results and Discussions
X-Ray Diffraction Analysis

The X-ray diffraction profile of the as synthesized
LiMn,O, powder is shown in fig.1. The X-ray diffraction
profile was determined by X-Ray diffractometer (Model-D8,
Advance Bruker AXS).

The XRD profile can be assigned to the well crystallized
spinel LiMn,0O,4 with all the reflection peaks perfectly
matching with the Joint Committee of Powder Diffraction
Standard (JCPDS Card No. 35-0782), confirming the
formation of spinel LiMn,0O,4. The observed 2theta values and
relative intensities were compared with the available JCPDS
data as in table 1. All the diffraction peaks are indexed to the
cubic spinel with the fd3m space group wherein lithium ion
occupies the 8a tetrahedral sites, manganese occupies the 16d
sites and oxygen the 32e sites [47]. The peaks corresponding
to 20 = 18.65, 36.14, 37.82, 44.03, 48.14, 58.43, 63.89 and
67.25 were assigned to (111), (311), (222), (400), (331), (551),
(440), and (531) reflection planes [57-60]. No (222) reflection
peak can be seen in the XRD profile, which arise from the
tetrahedral (8a) sites [61]. It indicates that the lithium atoms
occupy all the tetrahedral 8a sites and thus no (222) peak is
observed as lithium has very low X-ray scattering ability. A
small characteristic peak corresponding to Mn3;O, also appears
at 20 = 32.84, though it is of a small value. Its presence can be
attributed to the presence of excess manganese oxide [17]. The
high peak intensities as observed from the XRD plot can be
referred to the higher crystallinity [29]. It has also been
demonstrated that the intensity ratio of (111) and (311)
reflection planes can be calculated to determine the mixing
degree of Mn in LiMn,0, and the lattice growth direction.
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Figure 3. XRD spectrum of the as synthesized spinel
LiMn,O,
Table 1. Comparison of observed and JCPDS data
Reflection 2 Theta Relative intensity
Planes
(k) JCPDS data | Observed | JCPDS data | Observed
data data
(111 18,611 18.63 100 100
(311 36.085 36.14 38 383
(222 3047 3182 10 1031

48.047 48.14 1 §.79

38,036 3843 10 12.63

)
)
)
(400) 43.869 4.3 3 36.58
)
)
)

63.780 63.89 16 1993

(331) 67.079 6725 1 11.7

The more immaculate are the elements lithium and
manganese arranged if the intensity ratio of (111) and (311)
reflections planes is a high value and it also indicates that the
LiMn,O4 crystal grows preferentially along (111) direction
[62]. This growth orientation of lattice is beneficial for the
intercalation and deintercalation of lithium ions during
electrochemical processes. As calculated in table 2, the
intensity ratio of (111) and (311) reflection plane is calculated
to be 1.5802, which is a moderate value when compared to
other reports [29], indicating a good mixing degree of Mn in
LiMn,0O,4 and that elements lithium and manganese are better
arranged in the as synthesized LiMn,O, spinels. Fig. 4
demonstrates the positions and intensities of (111), (311) and
(400) reflection planes and the corresponding observations are
tabled in table 2. Using the JCPDS data from table 1 and
observable data from fig. 4 of reflection planes (111), (311)
and (400), it can be easily be demonstrated that the
characteristic peaks of (111), (311) and (400) reflection planes
are shifted towards right that is , to higher 26 values. It
explains the fact that the crystal cell of as synthesized
LiMn,O, spinel is contracted and arranged closely. It also
implies to the strengthening of cell structure, which relates to
better cycling performance of LiMn,0,[63].

Shabir. A. Akhoon et al./ Elixir Materials Science 91 (2016) 38063-38068

s i
| . 0 -
)
LU il
,; bl : # f:\ W -
! ::. ; " g
v | W . v N
7o "' »"
: | : 10 ﬁ )}
" " "
:; " £ £
& | 2 “ E il
H = .
- - p L
Tvo Theta (Degrees Two ThetaDegrees) T Theta (Degreey

Figure 4. Peak position of (111), (400) and (311)
respectively

The peak intensity ratio of (311) and (400) has also been
demonstrated to determine the degree of crystallinity of
LiMn,O4. A ratio within 0.96-1.1 range implies that the
cycling performance of the LiMn,O, is enhanced [64]. As
calculated in table 2, this intensity ratio of the as synthesized
lithium manganese oxide spinel is 1.034, which is within the
prescribed limits and suggests good crystallinity and cycling
performance and hence, good electrochemical properties. The
lower full width at half maximum (FWHM) value of (400)
peak also relates to the crystallinity and hence electrochemical
properties in LiMn,O4 spinel [57,64,65]. As such, the FWHM
of (400) peak was calculated as in table 2. A low value of
0.345 (degrees) was obtained and when compared to the
earlier results is found to be the lowest [16,24,65]. Thus, from
the XRD analysis, it is clearly examined that the LiMn,04
spinels synthesized by this solution combustion synthesis
method are highly crystalline and hence may possess good
electrochemical properties as has been demonstrated by earlier
reports.

Table 2. Peak parameters.

Peak Intensity Ratio Iy Ly | Peak Intensity Ratio Iyyy/Lyg | -~ FWHM of (400)
peak/(degrees)
1.5802 104 0345

The crystallite size 'D' was calculated using Scherer's
formula:
D = 0.94 1/B Cosf
Where A is the wavelength of CuK, radiations (1.54 A°), B is
the line width at half maximum (in radians), and 0 is the Bragg
angle corresponding to the maximum intensity peak (111) in
the XRD profile. The crystallite size was calculated to be 24.1
nm.
Electron Microscopy

The morphology and the structure of the as synthesized
spinel LiMn,0O, were determined by FE-SEM (Model Hitachi,
S-4800). The FE-SEM images of the as synthesized LiMn,0,
powder are shown in fig. 2. The electrochemical properties of
cathode materials are influenced by the crystallinity and the
particle size. It has been observed that the high crystalline and
moderate particle size may result in good electrochemical
properties because of better mass-electrolyte contact and
shortened diffusion routes for Li* ions and electrons [54, 66].
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The morphology and size of the lithium manganese oxide
particles is very important in the sense that the electrochemical
properties are influenced by these as has been demonstrated by
earlier reports [67, 68, 69]. The advantages of using
nanomaterials as cathodes in the lithium ion batteries are: (a)
they offer increased surface area for increased reaction sites;
(b) nanostructured cathodes provide shorter diffusion lengths
for electronic transport; (c) these can very well remain stable
even after large volume expansion and contraction. All these
factors do influence the electrochemical behavior of lithium
manganese oxide as cathode material.

The reactions at the electrode take place at the surface of
it and hence require charge transport into the electrode. So,
small particles, providing large surface area and shorter
diffusion distance would be desired [70,71]. However, if
particles become too small, the stability and safety becomes a
concern [72]. Thus, a moderate particle size would exhibit the
best performance [73-75].

LI O B

Figure 5. Typical (a) low and (b) high resolution FE-SEM
images of as synthesized spinel LiMn,O,.

Particle shape has also been reported to be an important
parameter for the electrode of better electrochemical
performance. For lithium manganese oxide spinel electrodes,
the spherical morphology has been mentioned to have good
electrochemical properties [76,77]. The FE-SEM images of
the as synthesized spinel LiMn,0O, (Fig.2) clearly reveal that
the particles are more or less spherical in shape with a
diameter in the range of 30 + 5 mm. The size and morphology
are within the criterion limits for good electrochemical
performance.

Conclusion

Single phase spinel LiMn,O,4 nanoparticles with spherical
shape have been successfully synthesized by starch-glycine
assisted solution combustion synthesis method. The synthesis
has proved to produce high crystalline LiMn,04 nanospheres
at an optimum temperature of 700 °C. All the parameters of
the as synthesized lithium manganese oxide spinels are of
desirable characteristics as per the previous reports. The
diameter of the spherical particles is neither too large nor too
small which is considered to be an effective parameter in
determining the enhanced properties of cathodes in lithium ion
batteries. This facile solution combustion synthesis method
would be appropriate to synthesize lithium manganese oxide
spinel structures for of the lithium ion batteries cathodes for
enhanced electrochemical performance and reduced cost.

Shabir. A. Akhoon et al./ Elixir Materials Science 91 (2016) 38063-38068

References

1.R.F. Service, Is it time to shoot for the sun?, Science 309
(2005) 548-551.

2.S.A. Akhoon, S. Rubab, M.A. Shah. A review of various
nanostructures to enhance the efficiency of solar-photon-
conversions, in: M.A. Shah, M.A. Bhat, J.P. Davim (Eds.),
Nanotechnology application for improvements in energy
efficiency and environmental management, IGI Global,
Pennsylvania, (2014), pp. 277-312.

3.G.W. Crabtree, N. S. Lewis, Solar energy conversion, Phys.
Today 60 (2007) 37-42.

4.Y-G Guo, Y-S. Hu, W. Sigle, J. Maier, Superior electrode
performance of nanostructured mesoporous TiO, (anatase)
through efficient hierarchical mixed conducting networks,
Adv. Mater. 19 (2007) 2087-2091.

5.J. Maier, Nanoionics: lon transport and electrochemical
storage in confined systems, Nat. mater. 4 (2005) 805-815.
6.L. Jun, G. Cao, Z. Yang, D. Wang, D. Dubois, X. Zhou,
G.L. Graff, L.R. Pederson, J-G. Zhang. Oriented
nanostructures for energy conversion and storage, Chem. Sus.
Chem. 1 (2008) 676-697.

7.Y. B. R. D Rajesh, R. S. Dubey, Sol-gel synthesis and
characterization of nanocrystalline spinel LiMn,O, for battery
applications, Nanosci. Nanoeng. 1 (2013) 139-141.

8.G. Donglei, Synthesis of high-purity LiMn,O, with
enhanced electrical properties from electrolytic manganese
dioxide treated by sulfuric acid-assisted hydrothermal method,
J. Solid State Electrochem. 17 (2013) 2849-2856.

9.W. Tang, X. J. Wang, Y. Y. Hou, L. L. Li, H. Sun, Y. S.
Zhu, Y. Bai, Y. P. Wu, K. Zhu, T. Van Ree, Nano LiMn,0O, as
cathode material of high rate capability for lithium ion
batteries, J. Power Sources 198 (2012) 308-311.

10.G. Donglei, Z. Chang, B. Li, H. Tang, X.Z.Yuan, H.
Wang, Synthesis of high-purity LiMn,O, with enhanced
electrical properties from electrolytic manganese dioxide
treated by sulfuric acid-assisted hydrothermal method, J.Solid
State Electrochem. 17 (2013) 2849-2856.

11.H. Manjunatha, G. S. Suresh, T. V. Venkatesha, Electrode
materials for aqueous rechargeable lithium batteries, J. Solid
State Electrochem. 15 (2011) 431-445.

12.G.X. Wang, Secondary aqueous lithium-ion batteries with
spinel anodes and cathodes, J. Power Sources 74 (1998) 198-
201.

13.Wang, Yonggang, J. Yi, Y. Xia, Recent Progress in
Aqueous Lithium-lon Batteries, Adv. Energy Mater. 2 (2012)
830-840.

14.G.J. Wang, N.H. Zhao, L.C. Yang, Y.P.Wu, H.Q. Wu, R.
Holze, Characteristics of an aqueous rechargeable lithium
battery (ARLB). Electrochim. Acta 52 (2007) 4911-4915.
15.J.Y. Luo, Y.Y. Xia, Aqueous lithium-ion battery LiTi,
(PO,) s/LiMn,O,4 with high power and energy densities as well
as superior cycling stability, Adv. Funct. Mater. 17 (2007)
3877-3884.

16.L. Zhaohui, J. Yang, J. Wang, J. Tang, G. Lei, Q. Xiao, A
phase-inversion process to prepare porous LiAlyi;Mn; O,
spinel  for aqueous rechargeable lithium batteries,
Microporous and Mesoporous Mater. 162 (2012) 44-50.

17.S. Behzad, S.M. Rasoul, S.H. Reza: The effect of LiFePO,
coating on electrochemical performance of LiMn,O, cathode
material, Iran. J. Chem. Chem. Eng. 31 (2012) 29-33.

18.Y.K. Sun, Synthesis and electrochemical studies of spinel
Li;03Mn,0, cathode materials prepared by a sol-gel method



38067

19.for lithium secondary batteries, Solid State lonics 100
(1997) 115-125.

20.W. Tang, L. L. Liu, S. Tian, L. Li, L. L. Li, Y. B. Yue, Y.
Bai, Y. P. Wu, K. Zhu, and R. Holze, LiMn,0, nanorods as a
super-fast cathode material for aqueous rechargeable lithium
batteries, Electrochem. Commun. 13 (2011) 1159-1162.
21.W. Tang, S. Tian, L. L. Liu, L. Li, H. P. Zhang, Y. B. Yue,
Y. Bai, Y. P. Wu, K. Zhu, Nanochain LiMn,0, as ultra-fast
cathode material for aqueous rechargeable lithium batteries,
Electrochem. Commun. 13 (2011) 205-208.

22.R. Thirunakaran, A. Sivashanmugam, S. Gopukumar, C.
W. Dunnill, D. H. Gregory, Phthalic acid assisted nano-sized
spinel LiMn,0O4 and LiCr, Mn,_,O4 (x= 0.00-0.40) via sol-gel
synthesis and its electrochemical behavior for use in Li-ion-
batteries, Mater. Res. Bull. 43 (2008) 2119-2129.

23.H.Y. Ming, H. Y. Chung, K.Z. Fung, M.H. Hon, NMR and
FT-IR investigation of spinel LiMn,O, cathode prepared by
the tartaric acid gel process, J. Solid State Chem. 160 (2001)
368-376.

24.G. Donglei, Z. Chang, B. Li, H. Tang, X.Z. Yuan, H.
Wang, Synthesis of high-purity LiMn,O, with enhanced
electrical properties from electrolytic manganese dioxide
treated by sulfuric acid-assisted hydrothermal method, J. Solid
State Electrochem. 17 (2013) 2849-2856.

25.X. Mingwu, L. Ye, C. Peng, L. Zhong, H. Bai, C. Su, J.
Guo, Study on the electrochemical performance of high-cycle
LiMgo0s Mny 4,04 cathode material prepared by a solid-state
combustion synthesis, Ceram. Int. 40 (2014) 10839-10845.
26.X. Wang, Y. Yagi, Y.S. Lee, M. Yoshio, Y. Xia, T. Sakai,
Storage and cycling performance of stoichiometric spinel at
elevated temperatures, J. Power Sources 97 (2001) 427-429.
27.N.V. Kosova, E. T. Devyatkina, V. V. Kaichev, A. B.
Slobodyuk, From ‘core—shell’ to composite mixed cathode
materials  for  rechargeable lithium  batteries by
mechanochemical process, Solid State lonics 192, (2011)
284-288.

28.J. Zhu, K. Zeng, L. Lu, Cycling effects on surface
morphology, nano-mechanical and interfacial reliability of
LiMn,O, cathode in thin film lithium ion batteries,
Electrochim. Acta 68 (2012) 52-59.

29.Z. Chen, K. Huang, S. Liu, H. Wang: Preparation and
characterization of spinel LiMn,O, nanorods as lithium-ion
battery cathodes. Trans. Nonferrous Met. Soc. China. 20
(2010) 2309-2313.

30.G. Donglei, B. Li, Z. Chang, H. Tang, X. Xu, K. Chang, E.
Shangguan, X.Z. Yuan, H. Wang, Facile synthesis of
LiAly1Mny 40,4 as cathode material for lithium ion batteries:
towards rate and cycling capabilities at an elevated
temperature, Electrochim. Acta 134 (2014) 338-346.
31.W.L.F. David, M. M. Thackeray, L. A. De Picciotto, J. B.
Goodenough, Structure refinement of the spinel-related phases
LizMn204 and Liolenzo4, J. Solid State Chem. 67 (1987)
316-323.

32.M.M. Thackeray, Manganese oxides for lithium batteries,
Prog. Solid State Chem. 25 (1997) 1-71.

33.T.F. Yi, S.Y. Yang, H.T. Ma, X.Y. Li, Y.Q. Ma, H.B.
Qiao, R.S. Zhu, Effect of temperature on lithium-ion
intercalation kinetics of LiMngsNi o504-positive-electrode
material, lonics 20 (2014) 309-314.

34.R. Thirunakaran, R. Ravikumar, S. Gopukumar, A.
Sivashanmugam, Electrochemical evaluation of dual-doped
LiMn,0, spinels synthesized via co-precipitation method as
cathode material for lithium rechargeable batteries, J. Alloys
Compd. 556 (2013) 266-273.

Shabir. A. Akhoon et al./ Elixir Materials Science 91 (2016) 38063-38068

35.S.H. Park, Y.S. Lee, Y.K. Sun, Synthesis and
electrochemical properties of sulfur doped-LiyMnO,- S,
materials for lithium secondary batteries, Electrochem.
Commun. 5 (2003) 124-128.

36.T. Yi, X. Hu, D. Wang, H. Huo, Effects of Al, F dual
substitutions on the structure and electrochemical properties of
lithium manganese oxide, J. Univ. Sci. Technol. Beijing. 15
(2008) 1-5.

37.H. Xia, Z. Luo, J. Xie, Nanostructured LiMn,O,4 and their
composites as high-performance cathodes for lithium-ion
batteries, Progress in Natural Science: Mater. Int. 22 (2012)
572-584.

38.C.H. Lu, S. K. Saha, Morphology and electrochemical
properties of LiMn,O, powders derived from the sol-gel
route, Mater. Sci. Eng. B 79 (2001) 247-250.

39.K. Miura, A. Yamada, M. Tanaka, Electric states of spinel
LiiMn,O, as a cathode of the rechargeable battery,
Electrochim. Acta 41 (1996) 249-256.

40.J.M. Tarascon, D. Guyomard, The Li;+ xMn,O4/C rocking-
chair system: a review, Electrochim. Acta 38 (1993) 1221-
1231.

41.J.N. Reimers, J. R. Dahn, Electrochemical and In Situ
X-Ray Diffraction Studies of Lithium Intercalation in Li
Co0s, J. Electrochem. Soc. 139 (1992) 2091-2097.

42.C.D.W. Jones, E. Rossen, J. R. Dahn, Structure and
electrochemistry of Li.Cr, Co;- O, Solid State lonics 68
(1994) 65-69.

43.J. Barker, R. Koksbang, M.Y. Saidi, An electrochemical
investigation into the lithium insertion properties of LiyNiO,
(0<x< 1), Solid State lonics 89 (1996) 25-35.

44.J.M. Tarascon, D. Guyomard. The Li+ xMn,0,4/C rocking-
chair system: a review, Electrochim. Acta 38 (1993) 1221-
1231.

45.Z. Jiang, K. M. Abraham, Preparation and Electrochemical
Characterization of Micron-Sized Spinel LiMn,0,, J.
Electrochem. Soc. 143 (1996) 1591-1598.

46.M. Seyedahmadian, S. Houshyarazar, A. Amirshaghaghi,
Synthesis and characterization of nanosized of spinel LiMn,0O4
via sol-gel and freeze drying methods, Bull Korean Chem.
Soc. 34 (2013) 622-628.

47.S. Hirose, T. Kodera, T. Ogihara, Synthesis and
Electrochemical Properties of Al doped Lithium Manganate
powders by spray pyrolysis using carbonate aqueous solution,
Key Eng. Mater. 485 (2011) 111-114.

48.R. Thirunakaran, R. Ravikumar, S. Gopukumar, A.
Sivashanmugam, Electrochemical evaluation of dual-doped
LiMn,0, spinels synthesized via co-precipitation method as
cathode material for lithium rechargeable batteries, J. Alloy.
Compd. 556 (2013) 266-273.

49.X. Qiu, X. Sun, W. Shen, N. Chen., Spinel Li+ yMn,0,
synthesized by coprecipitation as cathodes for lithium-ion
batteries, Solid State lonics 93 (1997) 335-339.

50.C.H. Lu, S.W. Lin, Influence of the particle size on the
electrochemical properties of lithium manganese oxide, J.
Power Sources 97 (2001) 458-460.

51.S.B. Park, W.S. Eom, W. Cho, H. Jang., Electrochemical
properties of LiNigsMn; 50,4 cathode after Cr doping, J. Power
Sources 159 (2006) 679-684.

52.C.H. Jiang, S. X. Dou, H. K. Liu, M. Ichihara, H. S. Zhou,
Synthesis of spinel LiMn,O4 nanoparticles through one-step
hydrothermal reaction, J. Power Sources 172 (2007) 410-415.

53.Y.H. lkuhara, Y. Iwamoto, K. Kikuta, S. Hirano,
Synthesis, electrochemical, and microstructural study of
precursor-



38068

derived LiMn,O4 powders, J. Mater. Res. 14 (1999) 3102-
3110.

54.W. Liu, K. Kowal, G. C. Farrington, Electrochemical
characteristics of spinel phase LiMn,0,-based cathode
materials prepared by the pechini process influence of firing
temperature and dopants, J. Electrochem. Soc. 143 (1996)
3590-3596.

55.C. Zhu, A. Nobuta, G. Saito, I. Nakatsugawa, T. Akiyama:
Solution combustion synthesis of LiMn,O,4 fine powders for
lithium ion batteries. Adv. Powder Technol. 25 (2014) 342-
347.

56.S.T Aruna, S.M. Alexander, Combustion synthesis and
nanomaterials, Curr. Opin. Solid State Mater. Sci. 12 (2008)
44-50.

57.F.A. Saad, M.M. Abou-Sekkina, A. M. Khedr, F.G. EI-
Metwaly, Synthesis, stability and DC-electrical conductivity
of vanadium and chromium dual doped LiMn,O, spinals as
cathode material for use in lithium rechargeable batteries, Int.
J. Electrochem. Sci. 9 (2014) 3904-3916.

58.L. Xiao, Y. Zhao, Y. Yang, Y. Cao, X. Ai, H. Yang,
Enhanced electrochemical stability of Al-doped LiMn,O4
synthesized by a polymer-pyrolysis method, Electrochim.
Acta 54 (2008) 545-550.

59.T. Kakuda, K. Uematsu, K. Toda, M. Sato,
Electrochemical performance of Al-doped LiMn,0,4 prepared
by different methods in solid-state reaction,J. Power
Sources 167 (2007) 499-503.

60.Y.S. Lee, H.J. Lee, M. Yoshio, New findings: structural
changes in LiAltMn,,O,4, Electrochem. Commun. 3 (2001)
20-23.

61.Y.L. Ding, J. Xie, G.S. Cao, T.J. Zhu, H.M. Yu, X.B.
Zhao, Single-Crystalline LiMn,0, nanotubes synthesized via
template-engaged reaction as cathodes for high-power lithium
ion batteries, Adv. Funct. Mater. 21 (2011) 348-355.

62.X. Li, Y. Xu, Spinel LiMn,0, active material with high
capacity retention, Appl. Surf. Sci. 253 (2007) 8592-8596.
63.Z.M. Yu, L.C. Zhao, Structure and -electrochemical
properties of LiMn ,0 4, Trans. Nonferrous Metal. Soc. 17
(2007) 659-664.

64.H.L. Zhu, Z.Y. Chen, S. Ji, L. Vladimir, Influence of
different morphologies on electrochemical performance of
spinel LiMn,0Oy4, Solid State lonics 179 (2008) 1788-1793.
65.Y.S. Lee, N. Kumada, M. Yoshio, Synthesis and
characterization of lithium aluminum-doped spinel (LiAly
Mn,- ,Oy4) for lithium secondary battery, J. Power Sources 96
(2001) 376-384.

Shabir. A. Akhoon et al./ Elixir Materials Science 91 (2016) 38063-38068

66.T.F. Yi, X.G. Hu, Preparation and characterization of sub-
micro LiNigs- «Mny 504 for 5V cathode materials synthesized
by an ultrasonic-assisted co-precipitation method, J. Power
Sources 167 (2007) 185-191.

67.J.W. Fergus, Recent developments in cathode materials for
lithium ion batteries, J. Power Sources 195 (2010) 939-954.
68.J. Liu, G. Cao, Z. Yang, D. Wang, D. Dubois, X. Zhou, G.
L. Graff, L. R. Pederson, J.G. Zhang, Oriented nanostructures
for energy conversion and storage, Chem.Sus.Chem. 1 (2008)
676-697.

69.N.N. Sinha, N. Munichandraiah, The effect of particle size
on performance of cathode materials of Li-ion batteries, J.
Indian Inst. Sci. 89 (2009) 381-392.

70.C. Julien, Local structure and electrochemistry of lithium
cobalt oxides and their doped compounds, Solid State
lonics 157 (2003) 57-71.

71.C.H. Lu, T.Y. Wu, H.C. Wu, M.H. Yang, Z.Z. Guo,
I.Taniguchi, Preparation and electrochemical characteristics of
spherical spinel cathode powders via an ultrasonic spray
pyrolysis process, Mater. Chem. Phys. 112 (2008) 115-119.
72.D. Wang, H. Buga, M. Crouzet, G. Deghengi, T. Drezen, I.
Exnar, N.H. Kwon, J.H. Miners, L. Poletto, M. Gratzel,
High-performance, nano-structured LiMnPO 4 synthesized via
a polyol method, J. Power Sources. 189 (2009) 624-628.
73.W. M. Stanley, Lithium batteries and cathode
materials, Chem. Rev. 104 (2004) 4271-4302.

74.M. Jo, Y.S. Hong, J. Choo, J. Cho, Effect of LiCoO2
cathode nanoparticle size on high rate performance for Li-ion
batteries, J. Electrochem. Soc. 156 (2009) A430-A434.
75.J.C. Arrebola, A. Caballero, L. Hernan, J. Morales,
PMMA-assisted synthesis of Li;- (NigsMn;s04- 5 for high-
voltage lithium batteries with expanded rate capability at high
cycling temperatures, J. Power Sources 180 (2008) 852-858.
76.T.J. Patey, R. Bichel, M. Nakayama, P. Novak,
Electrochemistry of LiMn,O, nanoparticles made by flame
spray pyrolysis, Phys. Chem. Chem. Phys. 11 (2009) 3756-
3761.

77.H.L. Zhu, 2.Y. Chen, S. Ji , L. Vladimir, Influence of
different morphologies on electrochemical performance of
spinel LiMn,0y4, Solid State lonics 179 (2008) 1788-1793.
S.H. Hee, Y.C. Kang, Fine-sized LiNiygC0q15Mng 50,
cathode powders prepared by combined process of gas-phase
reaction and  solid-state  reaction  methods, J.Power
Sources 178 (2008) 387-392.



