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Spinel LiMoxMn2�xO4 (x = 0.01, 0.05, 0.10) samples are synthesized using solid state technique and char-
acterized by thermo gravimetric analysis (TG/DTA), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR), scanning electron microscopy (SEM), transmission electron microscopy (TEM)
and galvanostatic cycling studies. Thermal studies depict that the formation of spinel compound pro-
ceeds in three stages. XRD peak reflections point out the formation of spinel phase. SEM studies confirm
that LiMo0.01Mn1.99O4 calcined at 850 �C are of 1 lm grains. Among the dopant concentrations investi-
gated, LiMo0.01Mn1.99O4 sample shows better cycling characteristics. LiMo0.01Mn1.99O4 spinel delivers a
maximum discharge capacity of 66 mA hg–1 during the first cycle corresponding to coulombic efficiency
of 84% and exhibits a capacity fade of 0.2 mA hg–1 cycle–1 over the investigated 10 cycles.

� 2011 Published by Elsevier Ltd.
1. Introduction

Pristine spinel LiMn2O4 is one of the most attractive candidates
for rechargeable lithium batteries due to its low cost, non-toxic
nature and ease of preparation when compared with other layered
oxides such as LiCoO2 and LiNiO2 [1–3]. LiCoO2 has many disadvan-
tages such as high cost, toxic and low practical specific capacity.
The capacity of pure spinel LiMn2O4 diminishes at elevated tem-
perature upon repeated cycling [4,5]. The capacity fading is caused
due to several factors such as Jahn–Teller distortion, two-phase
unstable reaction [2], slow dissolution of manganese into the elec-
trolyte [6], lattice instability [7], and particle size distribution [8,9].
In order to suppress Jahn–Teller distortion for obtaining high
cycling capacity, many researchers have studied lithium rich spi-
nels with various divalent, trivalent and tetravalent-doped ions
such as Co, Zn, Cu, Fe, Ni, Cr, Ga, Ti and Al [10]. Ohzuku et al. [8]
and Lee et al. [11] have reported that partial doping of divalent
and trivalent cations are more effective in suppressing the capacity
fade upon cycling. Furthermore, the capacity fade of LiMn2O4 is
often observed much in 3 V region which can be completely sup-
pressed by doping of LiMn2O4 by multivalent cations [12]. Several
low temperature preparation methods viz., sol–gel method [13,14],
chemical precipitation [15] Pechini process and hydrothermal [16],
ultrasonic spray pyrolysis method [17] have been employed to
obtain cathode materials of required physical and electrochemical
properties for lithium-ion-batteries.
Elsevier Ltd.

unakaran).
In the present investigation, an attempt has been made to syn-
thesize Mo-doped LiMn2O4 spinel via solid state method. The oxi-
dation state of molybdenum is Mo5+ in this spinel compound. Also,
molybdenum has larger ionic radius (0.65 Å) than the Mn4+ and
Mn3+ ions which are measuring 0.53 and 0.58 Å, respectively.
Doping with larger dopant ions is found to be beneficial in achiev-
ing stable cycling performance. Several multivalent dopants like Ni
(0.69 Å), Fe (0.645 Å), Co (0.745 Å) etc., have been widely investi-
gated to stabilize the spinel structure. Furthermore, there is no
literature available on thermal synthesis of Mo-doped spinel
compound.

2. Experimental

LiMoxMn2�xO4 (x = 0.01, 0.05, 0.10) powders have been synthe-
sized by solid state technique. Fig. 1 depicts the flow chart of the
solid state synthesis. Stoichiometric amounts of carbonates of lith-
ium, manganese and molybdenum oxide were thoroughly mixed
and ground well for obtaining homogeneity. The ground homoge-
nized precursors are calcined at different temperatures [18]. A por-
tion of this compound has been taken for TG/DTA analysis to
understand the thermal behaviour and the rest of the sample
was calcined at 850 �C for 12 h. The calcined samples are subjected
to various physical (XRD, SEM, TEM, FT-IR) characterization and
galvanostatic charge/discharge cycling studies.

2.1. Coin cell fabrication

Coin cells of 2016 configuration have been assembled in an
argon filled glove box (MBraun, Germany) using lithium foil as

http://dx.doi.org/10.1016/j.enconman.2011.08.025
mailto:rthirunakaran@yahoo.com
http://dx.doi.org/10.1016/j.enconman.2011.08.025
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Fig. 1. Flow chart for synthesis of LiMoxMn2�xO4 by solid-state method.
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Fig. 3. XRD patterns of LiMoxMn2�xO4 calcined at 850 �C (a) x = 0.01; (b) x = 0.05;
(c) x = 0.10.

R. Thirunakaran et al. / Energy Conversion and Management 53 (2012) 276–281 277
anode, Celgard 2400 as separator, 1 M solution of LiPF6 in 50:50 (v/
v) mixture of ethylene carbonate (EC) and diethylene carbonate
(DEC) as electrolyte and the synthesized material as cathode. The
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Fig. 2. Thermo gravimetric and differential thermal analysis of LiMo
cathode is prepared by a slurry coating procedure from a mix com-
prising synthesized compound, carbon black and poly vinylidiene
fluride (PVdF) binder in n-methyl-2-pyrrolidone (NMP) solution
mixed in the ratio 80:10:10 so as to form slurry. The slurry has
been coated over aluminium foil and vacuum dried at 110 �C for
2 h. The dried coating is pressed at an optimized pressure of
680 kg cm–1 for 2 min. Electrode blanks of 18 mm diameter are
punched out and used as a cathode in the coin cell.
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xMn2�xO4 spinel precursor. (a) x = 0.01; (b) x = 0.05; (c) x = 0.10.



Table 1
Unit cell parameters and crystallite size of LiMoxMn2�xO4 spinels calcined at 850 �C for 12 h.

No. Sample a (Å) Unit cell volume (Å)3 Crystallite size � 10�9 m

1 LiMo0.01Mn1.99O4 8.2273 556 20.60
2 LiMo0.05Mn1.95O4 8.2126 553 21.70
3 LiMo0.10Mn1.90O4 8.2394 559 22.40

Table 2
Observed XRD data for LiMoxMn2�xO4 spinels.

S. No. Sample 2h d (Å) Obs. I/Io hkl Plane intensity

1 LiMo0.01Mn1.99O4 19.0 4.67265 3.1 111 100
2 LiMo0.05Mn1.95O4 19.0 4.67061 3.0 111 100
3 LiMo0.10Mn1.90O4 19.2 4.67297 1.2 111 100
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2.2. Electrochemical studies

The coin cells are subjected to constant current charge–
discharge cycling studies at C/10 rate between 3.0 and 4.5 V using
an in-house battery cycling unit. Differential capacity curves are
plotted using the charge–discharge cycling data to understand
the real time electrochemical sequence.
3. Results and discussion

3.1. Thermal studies

Fig. 2 shows TG/DTA curves of LiMoxMn2�xO4 (x = 0.01, 0.05,
0.10) synthesized via solid state method. The TG curve (Fig. 2a)
exhibits a cumulative weight loss of about 42% spreading over
(b) 

5µm 

(a) 

Fig. 4. SEM images of LiMoxMn2�xO4 spinel particles cal
three zones. A trace of 3% weight loss appears around 100 �C is
owing to the removal of residual water molecule present in the
precursors. The first weight loss zone (8%) is extending up to
350 �C followed by the second sharp fall region (30%) appearing till
700 �C. The third weight loss zone is measuring 4% and becoming
flat beyond 730 �C indicating the ending of the thermal event.
The whole process appears as a single broad exothermic event in
the DTA curve with peak centers at 318, 435 and 707 �C which
may be ascribed to the decomposition of the precursors. The for-
mation of spinel compound occurs at around 435 �C and the heat-
ing process extending till 800 �C may be attributed to the crystal
structural refinement around the grain boundaries. TG/DTA pro-
files of doped spinel compounds prepared by other synthesis pro-
cedures [19–21] also exhibiting similar behaviour with regard to
the formation temperature. The TG/DTA profiles of all the samples
(Fig. 2b and c) exhibit similar behaviour with a very little differ-
ence in the peak temperatures.
3.2. X-ray diffraction studies

Fig. 3 depicts the XRD patterns of LiMoxMn2�xO4 with different
stoichiometric amounts of molybdenum metal cations viz., (a)
Mo = 0.01; (b) Mo = 0.05; (c) Mo = 0.10 synthesized via thermal
(c) 

5 µm 

5µm 

cined at 850 �C (a) x = 0.01; (b) x = 0.05; (c) x = 0.10.



Fig. 5. TEM images of spinel LiMoxMn2�xO4 particles calcined at 850 �C (a) x = 0.01;
(b) x = 0.10.
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Fig. 6. FT-IR Spectra of LiMoxMn2�xO4 particles with varying Mo–doping calcined at
850 �C (a) x = 0.01; (b) x = 0.05; (c) x = 0.10.
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Fig. 7. First cycle charge–discharge behaviour of LiMoxMn2�xO4 with varying Mo-
doping viz., 0.01, 0.05, and 0.10 calcined at 850 �C.
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method calcined at 850 �C. All the XRD peak reflections perfectly
match with JCPDS card. No. 35–782. It is evident from the match-
ing spectral profiles corresponding to the planes (111), (331),
(440), (311), (222), (400), (511), (440) and (531) for the
LiMoxMn2�xO4 samples indicate the formation of highly crystalline
spinel phase. However, few impurity peaks of a-Mn2O3 and Li2M-
nO3 are also seen corresponding to the planes (331) and (440).
The crystallite size for the LiMoxMn2�xO4 compounds has been cal-
culated using Debye–Scherrer equation and the crystallites are
around �20 nm size [22]. Table 1 shows the unit cell parameters
and crystallite size of the spinel LiMoxMn2�xO4 compounds. It
can be seen that with increase in Mo-doping the crystallite size
increases and with regard to the unit cell parameter the variations
are not definable. Table 2 shows the observed XRD data for
LiMoxMn2�xO4 spinels. Lesser the I/Io value indicates high order
of cation mixing there by resulting to poor structural stability. This
is reflected in the cycling performance wherein higher Mo-doping
shows poor electrochemical behaviour.

3.3. SEM and TEM analyses

SEM studies ascertain the surface morphology of the compound.
Fig. 4 shows SEM images of LiMoxMn2�xO4 spinel powders (a)
Mo = 0.01; (b) Mo = 0.05; (c) Mo = 0.10. The grains (Fig. 4a) of
Mo-doped (x = 0.01) spinel are of globular morphology with an
average grain size of �1 lm. Further, it can be seen that LiMo0.05M-
n1.95O4 compounds have relatively smaller grains with poor
agglomeration and the average particle size is around 1 lm
(Fig. 4b). In the case of LiMo0.10Mn1.90O4 (Fig. 4c), the grains are
rather bigger i.e.,�3 lm. However, a small percentage of 1 lm par-
ticles are also present. LiMo0.01Mn1.99O4 particles with smaller
grain size and globular morphology could be beneficial so as to
derive better electrochemical performance. Fig. 5 shows the TEM
images of LiMoxMn2�xO4 (a) Mo = 0.01; (b) Mo = 0.10. Both sam-
ples present as non agglomeratives with unit grain size around
1 lm.

3.4. FTIR spectroscopy

Fig. 6 depicts FT-IR spectra of LiMoxMn2�xO4 powders (a)
Mo = 0.01; (b) Mo = 0.05; (c) Mo = 0.10. The FTIR spectra exhibit
two absorption peaks. The reflection around 524–532 cm�1 may
be assigned to Li–O bending vibration and the spectral reflections
seen at higher wave number between 608 and 629 cm�1 corre-
sponds to Li–Mo–Mn–O stretching vibration. It is apparent that
with increasing dopant concentration the peaks become broader
and getting separated. Also, the peak reflection of low Mo-doped
spinal (0.01) appears at lower wave number than higher Mo-doped
ones (0.05, 0.10). These characteristics are in good agreement with
earlier reports [23–25].

3.5. Charge–discharge studies

Fig. 7 depicts the charge–discharge behaviour of LiMoxMn2�xO4

particles during the first cycle. Charge–discharge curves lucidly
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Fig. 8. Cyclic behaviour of LiMoxMn2�xO4 with varying Mo-doping viz., 0.01, 0.05, and 0.10 calcined at 850 �C.
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show a clear plateau region suggesting deintercalation and
intercalation process. It is evident that with increase in the dopant
content a slight decrease in capacity has been observed. Mo-doped
spinels (0.01, 0.05, 0.10) deliver discharge capacities of 66, 55 and
31 mA hg–1 during the first cycle which corresponds to a coulombic
efficiency of 84%, 76% and 56%, respectively. Fig. 8 shows the cycling
performance of LiMoxMn2�xO4 particles and the coulombic
efficiency. Mo-doped (0.01, 0.05, 0.10) spinels exhibits maximum
discharge capacity of 64, 51 and 30 mA hg–1 corresponding to a cou-
lombic efficiency of 84%, 74% and 54% respectively in the 10th cycle.
It is apparent that LiMo0.01Mn1.99O4 particles out performs the other
compositions and the high Mo-doped sample exhibit extremely
poor performance. A close observation on the charging profile in
the case of LiMo0.1Mn1.9O4 shows a small plateau around 3 V which
may be attributed to the Jahn–Teller active zone which eventually
leads to poor electrochemical performance and high fading behav-
iour. Over the investigated 10 cycles Mo-doped (0.01, 0.05, 0.10) spi-
nels exhibits a capacity fade of 0.2, 0.4 and 0.3 mA hg–1 cycle–1,
respectively. Meanwhile, a comparison of electrochemical perfor-
mance of pristine spinel LiMn2O4 prepared via solid state method
[26–28] with that of Mo-doped ones, the former delivers an initial
specific capacity of �120 mA hg–1 while they exhibit fading cycling
performance. In contrast, Mo-doped spinel compounds exhibit com-
paratively low discharge capacity but Mo-doped spinel (x = 0.01)
exhibits stable cycling performance with high capacity retention
characteristics. Indeed, the high reversible capacity that has been
obtained with Mo-doped spinel upon cycling may be attributed to
its higher ionic radius (0.65 Å) while the same for Mn4+ and Mn3+

ions are measuring 0.53 and 0.58 Å respectively. It is also worth
mentioning that higher ionic radii of dopant metal cations like Ce:
1.034 Å and Zn-0.7 Å are higher than Mn-ions have delivered stable
cycling performance [23]. Further more, it is obvious that the dis-
charge capacity even during the first cycle is much varied among
the varying dopant concentration. The genuine reason may be due
to the formation of secondary phases on the surface of the spinel par-
ticles that make barrier effect between the LiMn2O4 particles and
electrolyte. On the other hand, high Mo-doped spinel shows a mod-
est change in unit cell parameter leading to a slight volume change
which stands as evidence for possible structural deformation at
higher concentration.

Low Mo-doped spinel (LiMo0.01Mn1.99O4) delivers slightly supe-
rior capacity of 66 mA hg–1 during the first cycle and exhibits
64 mA hg–1 at the end of the 10th cycle. It is not ruled out that a
low order of cation distribution into the manganese site also stabi-
lizes the spinel structure [23]. A comparison of these results with
an earlier study [17] on Mo-doped spinel synthesized via spray
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pyrolysis reveals that Mo-doping has been found to be beneficial
and further stable electrochemical performance has been realized
from low degree of Mo-doped (x-0.02) samples. Though, in the
present study, the capacity obtained from the Mo-doped spinel
products are relatively lower the overall characteristics are in good
agreement with that of earlier literature that Mo-doping essen-
tially improves the cycling characteristics. Hence, low level of
Mo-doping on spinel structure exhibits better cycling behaviour
and good capacity retention.

3.6. dQ/dE vs. potential curves

Fig. 9 depicts the differential capacity curve for LiMo0.01Mn1.99O4

which mimic the true electrochemical sequence. It is lucidly seen
that the two anodic and cathodic peaks at around 4 and 4.11 V cor-
responds to deintercalation process for lithium ion extraction at 8a
tetrahedral sites where Li occupies associated with Mn3+/Mn4+,
Mo5+/Mo6+ couples. The possible electrochemical reaction may be
represented as follows:

Li½Mo5þ
y Mn3þMn4þ�O4 !

4:0 Vð1� yÞLiy½Mo5þMn4þ�O4 þ ð1� yÞLiþþ

ð1� yÞe�  !4:1 V½Mo6þ
y Mn4þ�O4 þ yLiþ þ ye�:
4. Conclusions

LiMoxMn2�xO4 (x = 0.01, 0.05, 0.10) have been synthesized for the
first time via solid state method to use as a cathode material in lith-
ium rechargeable batteries. XRD peak signatures of LiMoxMn2�xO4

exhibit high degree of crystallinity and phase purity. SEM and TEM
images of LiMo0.01Mn1.99O4 calcined at 850 �C lucidly depict that
the grains are of 1 lm size. Among the dopant concentrations inves-
tigated, LiMo0.01Mn1.99O4 sample shows better cycling characteris-
tics. Charge–discharge studies of LiMo0.01Mn1.99O4 spinel delivers
a maximum discharge capacity of 66 mA hg–1 during the first cycle
corresponding to coulombic efficiency of 84% and exhibits a capacity
fade of 0.2 mA hg–1 cycle–1 over the investigated 10 cycles.
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