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Abstract

Li,Mn4Og and molybdenum-doped Li,Mn4Oy have been prepared by simple solid-state method. Molybdenum is used as a
dopant since it is resistant to both corrosion and high-temperature creep deformation. The structural, morphological, and electrical
performances of the samples have been analyzed. The material exhibits a cubic structure with the fd3m space group. Using
EDAX, the chemical compositions of the samples have been identified. The dc electrical conductivity of the Mo-doped (LM2)
sample is found to be increased to 7.44 x 10°® S cm™' at 393 K. The enhanced electrical property of the molybdenum-doped
Li,Mn4Oy reveals it as a feasible cathode material for rechargeable Li-ion batteries.
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Introduction

Rechargeable Li-ion battery is an excellent energy storage
device for the mobile battery cells, automobiles, HEV, and
many of the household and portable applications. The re-
chargeable batteries based on Li were invented in 1980 by
“Sony Energetic” and used LiCoO, as a first cathode material.
The first rechargeable rocking chair battery system was com-
mercialized in 1991 [1]. Since LiCoO, has a layer rock salt
structure, it provides a 2D array of edge sharing LiOg¢ octahe-
dral, favorable, and reversible extraction of Li [2]. Lithium
manganese oxide materials like LiMnO,, LiMn,0Oy,
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LizMns0;, and Li,Mn4Og remain the most suitable because
of its low cost, less environmental impact, outstanding cyclic
capability, high power, and large cell voltage [3]. Li,Mn4Oq
has attractive properties such as it is free from Jahn Teller
distortion, contains only tetravalent manganese, and can be
casily prepared at low temperature range of 400—500 °C.
The material shows a high discharge capacity of 213 Ah/Kg
for Li,Mny4Og [4].

A de Kock et al. [5] suggested that Li,Mn4Oq exhibits
voltage of 3.5 V against pure lithium. Its highly oxidizing
nature limits its usefulness in the lithium cells. High surface
area of 78 m*> g ! and small average particle sizes ~3 pum
characterize Li,Mn4Oq electrodes which pave the way for
the good electrochemical activity of the electrodes. M.M
Thackeray et al. [6] synthesized lithium manganese oxide spi-
nel by MnCOs, Li,Cos at 400 °C. By neutron diffraction data,
he identified the occupancy of the lithium at 8d tetrahedral site
and manganese on the 16d octahedral site. M.M Thackeray
and M.H Rossoue [7] explained the stoichiometric spinel
Li,Mn4Oy can be prepared in moderately low temperature less
than 500 °C by performing the reaction under the presence of
nitrogen. This has a commercial implication for the produc-
tion of LiMn,O,4 which was synthesized at high temperature
about 750-800 °C.

Christian Masquelier et al. [8] presented an idea of creating
lithium and manganese vacancies on substitution of lithium
for manganese on the 16d octahedral sites which lead to a
higher value of average oxidation state of manganese between
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3.5" and 4*. Reduction of Mn* ion concentration results in
suppression of the Jahn Teller Distortion. He Tao and W.U
Haoquing [9] reported new cation deficient spinel
Li, 1Crg.44Mnj3 7409. A good electrical performance has been
achieved for the Cr-doped Li,Mn4Oy cycled between 3.6 and
2 V. S. Choi et al. [10] used solution-based chemical synthesis
to access the spinel Li,Mn,Oy at low temperature. In an inter-
mediate calcined temperature, the lithium-rich Li,Mn,Oq is
obtained but the presence of small amount of Mn,O3 as im-
purity is obtained at a temperature of 700 °C. When the sam-
ple calcined at the temperature of 400 °C, a reverse capacity of
about 130 mAh/g in the range of 3.8-2 V with excellent
cyclability could be achieved for the Li,Mn4Oy. Kirloy et al.
[11] synthesized Li,Mn4Og ., , using carbonate and getting
maximum value for z as 0.88 which shows a good capacity
retention and stability at 4.5-2.5 V. Robert Kostecki et al. [12]
reported lithium manganese oxide film on a platinum sub-
strate. The film exhibits a capacity in both the 3 and 4 V
regions. Strobel et al. [13] suggested the double vacancy
scheme for Li,Mn4Og prepared by low temperature via
solid-state reaction.

Eventually, scope of the present work is to prepare
Li,Mny4O9 using solid-state method and replace Mo (0.25-
0.5 mol) into Mn sites of Li,Mn4Oy in order to enhance the
electrical conductivity and hence to obtain a suitable cathode
material for rechargeable Li-ion batteries. Molybdenum was
selected as the dopant since it possesses variable oxidation
states, non-toxic, and highly resistive to corrosion. It also pre-
vents the formation of a continuous protective oxide layer,
which further ceases the bulk oxidation of the metal. Solid-
state method was preferred since it is simple and low cost. It
does not require any organic additives which change its
morphology.

Experimental method
Synthesis

Spinel Li,Mn4Oy micro particles are synthesized by simple
solid-state method. Stoichiometric quantities of LiOH.
2H,0, and MnO, are used as the starting precursors. The
samples are pulverized and mixed using the mortar and pestle.
The mixture is calcined at 700 °C for 7 h in muftle furnace and
cooled down to the room temperature. The obtained powders
are crushed and used for further studies. 0.25 and 0.5 mol of
Mo-doped sample is prepared using MoOs as the starting pre-
cursor and follows the same method as Li,Mn,Oo.

The structural characterization is done by X-ray diffraction
with an XPERT-PRO diffractometer using CuK« radiation.
Morphological analysis is performed using SEM analysis
and chemical composition by EDAX. At different tempera-
tures (333, 353, 373, and 393 K), the electrical properties are
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studied by impedance analyzer HIOKI 3532 LCR HITESTER
in the frequency range of 50 Hz to 50 kHz.

For the preparation of electrodes, the active material
Li,Mn3 75Mo0g.,509 activated carbon along with
polyvinylidene fluoride as binder was taken in the weight ratio
of 80:10:10 with N-methyl-2-pyrrolidone (NMP) as the dis-
persing solvent to form uniform slurry. After mixing for
15 min, the slurry was coated on a copper plate and dried at
60 °C for an hour, followed by vacuum drying at 120 °C
overnight. The CR2032 coin-type cell was assembled in a
glove box under an inert atmosphere with pure lithium metal
as an anode and prepared electrode as a cathode. A polypro-
pylene microporous membrane was used as separator and
non-aqueous electrolyte 1 M LiPFy in 1:1 ratio of ethylene
carbonate and dimethyl carbonate. The fabricated coin cells
were charged to 4.3 V and then discharged to 2 V vs Li/Li".
The charge-discharge and cycle performance were carried out
at a scan rate of 0.2 mV/s in VMP3 BioLogic Electrochemical
Workstation.

Results and discussion
Structural and morphological analysis

X-ray diffraction pattern of Li,MnsO9 and Mo-doped
Li,Mn4Og is given in the Fig. 1. The obtained peaks are
well agreed with JCPDS value (88-1608) and also with
earlier reports [14]. The obtained diffraction peaks at 26 =
18.8°,26 °, 36.53 °, 44.6 °, 64.4 ° corresponding to (111),
(311), (400), and (440) plane, respectively. All the diffrac-
tion peaks can be indexed to fd3m space group with the
face-centered cubic spinel structure. Some distinctive dif-
fraction peaks of the samples exhibit other than the
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Table 1  XRD parameters
Material Lattice Cell Lattice  Grain size
constant (A) Volume (A)® density  (nm)
(gem™)
Li;MnyOg 8.164 544 24.35 41.6
LizMIl3‘75M0‘2509 8.202 551 23.6 79.8
Li;Mn3 sMoy 5Oy  8.21 553 23.1 772

standard peaks at 260 are 26° which was recognized as
SiO, and also actualize from EDAX analysis. It is due
to the lesser amount of impurities present in the precur-
sors. Similarly, in Fig. 1, some additional peaks have been
observed for LM2 and LMS5 at 21.17 to 33.05 attributed to
MoOj; (89-1554 and 89-5108) representing some material
may not enter into the lattice structure of Li>MnyOy.
However, the intensity of (111) plane increases with the
increasing concentration of the dopant. As per the struc-
ture of Li,MnyQy, the lithium ions in the Li-Mn-O phase
must be located on the 8a sites. The transition elements
dole out randomly on the 16d sites and oxygen on the 32
e sites [11]. The lattice parameter (a) is higher for Mo-
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doped Li,Mn,Oq (8.216 A) than pure Li,Mn,Oq (8.16 A).
This effect is due to the substitution of Mo in Mn sites.
The ionic radius of Mo (83 pm) is higher than Mn
(72 pm). By increasing the concentration of the dopant,
the lattice parameter also increases, which found to obey
Vegard’s law [15, 16]. The grain size of the molybdenum-
doped Li,Mn4Oy is higher comparing to pristine
Li;Mn4O9 due to the lattice expansion of the material
(Table 1).

Figure 2 depicts the SEM images of pure and doped
Li;Mn4O. The coral reef structure is reckoned for pris-
tine sample. The pristine Li,Mn4O9 exhibits the morphol-
ogy of particles in micron size without any agglomeration.
The doped material is found to be vivid with irregular
morphology. The width of the particles ranges from 1 to
2 um. Figure 3 shows compositional analysis of the pre-
pared material. The presence of Mn, O, and Mo except
lithium is confirmed from EDAX analysis.

Electrical analysis

In order to find the electrical conductivity of the mate-
rials, the complex impedance measurements are used.
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Flg. 2 SEM image OfLP) LizMn409, LM2) LizMn3A75MOOA2509’ LMS) LizMﬂ3_5M00A509
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Fig. 3 EDAX analySiS of LP) leMl’l409 LMZ) LizMﬂ3'75M00'2509
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Table 2.  Electrical parameters
Material ~ Temp.  Ryx10°? G, 0gex10°@Sem™)  w,x10*  Nx107° px10% Dx10%° (cm?s ™)
(K) (pF) (Hz) Sem 'kHz)  (em®V'sh
L 333 13.8 38.7 0.105 0.30 10.75 0.60 1.8
353 10.3 30.9 0.152 0.31 26.66 0.60 2.77
373 8.94 3.56 0.171 0.92 10.84 1.61 1.38
393 7.32 5.19 0.205 0.67 19.79 1.13 1.699
LM2 333 1.64 19.4 0.852 33.7 1.72 0.40 1.5
353 0.607 52.4 2.36 11.52 1.36 1.6 6.77
373 0.310 102.7 4.69 28.92 8.1 1.39 2.59
393 0.196 162.4 7.44 22.85 15 22 3.2
LMS5 333 21.3 44.8 0.0685 2.153 2.05 0.40 1.13
353 6.22 51.2 0.242 9.27 1.65 1.6 6.8
373 3.48 91.4 0.421 8.27 3.66 1.39 2.8
393 1.72 61.1 0.835 13.93 24 222 5.6
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AC impedance feedback on the material is due to the
combination of number of RC parallel cells. The imped-
ance related to single R — C cell is Z=2"-2"

R . R(RC(1))
(14 Re(2))?

(1 + Re(t))?

where Z’ and Z” are the real and imaginary part of Z.
The cole-cole plots of the pristine and doped materials are
shown in Fig. 4 in the temperature ranging from 333 to 393 K.
Due to the parallel combination of bulk resistance Ry, and bulk
capacitance C,, the semicircle is formed in the high-frequency
region for all the samples. It also indicates that the conduction
is through the bulk of the material. In the low-frequency re-
gion, a small extension has been observed to indicate the pres-
ence of grain boundary effect. Migration of Li* ions at the
electrode—electrolyte interface corresponds to the semicircle
at high-frequency region. The bulk resistance decrease with
increase in temperature indicates the semi-conducting nature,
i.e., NTCR property of the material. The capacitance readings
have been formulated for all the temperatures using the equa-
tion 27ty ,.xRpCp = 1 and given in Table 2. The capacitance
values are found to be in the order of Pico farad and this shows
the conduction process is through the bulk of the material [17].
The ionic conductivity of the material is estimated using the
relation o = /RyA S cm™ !, where ‘Ry,” is the bulk resistance, ‘I’
the thickness, and ‘A’ area of the sample. It is found that the
conductivity has been increasing with the increase in temper-
ature due to the thermally activated mobile charge carriers.
Figure 5 shows the conductance spectra of pristine and
doped Li,Mn4Oy. The measured frequency range of all the
samples envisages two different conductance behaviors. The
dispersive region at high-frequency region corresponds to 0,
conductivity whereas the frequency-independent plateau at
low-frequency region corresponds to o4, conductivity of the
material. The conduction spectra found to obey the universal

4.4
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Fig. 6 Charge/discharge characteristics of Li,Mn; 75M0g 2509 cathode
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Jonscher’s law o (w) = 04 + Aw" [18]. The hopping frequen-
cy, charge carrier concentration, and mobility are calculated
using the curve fitting method and presented in Table 2. High
conductivity (7.44 x 10 S ecm™!) has been observed for
LioMn3 75Mo0(»509 at 393 K. The diffusion coefficient is
found to be increasing with the temperature, envisage migra-
tion of more oxygen ions [19]. By increasing the concentra-
tion of dopant, the conducting values decreases, which may be
due to the presence of some impurities as indicated in XRD
spectrum, and the optimum concentration for molybdenum is
0.25 mol.

Electrochemical performance

Figure 6 shows the charge-discharge behavior of
Li,Mnj; 75Mog »509 under galvanostatic conditions against
lithium metal in 2032 coin cells. The fabricated cells were
charged to 4.3 V and discharged to 2 V vs. Li/Li" Initially,
the discharge capacity is measured as 128 mAh/g and gradu-
ally reduced to 52 mAh/g for the 30th cycle. According to S
Choi et al. [10], when the temperature increases, the capacity
reduces due to the crystalline formation of manganese oxide at
low temperature and amorphous manganese oxide will shows
high capacity. The present study also agrees with the earlier
experimental results.

The cycling behavior of Li;Mnj3 75Mo0g2509 as cathode
material was evaluated using LiPF, EC/DMC with potential
window 4.3 to 2 Vat 2C rate are shown in Figure 7. The initial
discharge charge capacity is about 128 mAh/g and after the
10th cycle, it reduced to 70 mAh/g. By further increasing the
cycle number, it again reduced to 52 mAh/g up to 30 cycles
but 75% of capacity is retained.

Conclusion

Pure and Mo-doped Li;Mn4Og are successfully prepared by
solid-state method. The structure and morphology of the
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materials are examined using XRD, SEM, and EDAX analy-
sis. The bulk resistance of the material is found to be de-
creased with the increase in temperature. It is least for
0.25 mol of Mo-doped Li,Mn,Oq¢ which shows the semi-
conducting property of the material. High conductivity of
7.44%x10°% S cm ! is obtained at 393 K for
Li,Mn; 7,sMog 2509 The electrochemical tests of the cathode
material exhibit a discharge capacity of 128 mAh/g, reduced
to 70 mAh/g at 10 cycles and 75% of capacity retained at 30
cycles. Hence, Li,Mn; 7sMo0g 1509 is a feasible cathode mate-
rial for the lithium-ion batteries.
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