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Abstract. The need for large-scale batteries impels the development of high-performance cathode material for advanced
lithium-ion batteries (LIBs). The existing cathode materials such as LiCoO2, LiNiO2 and LiMnO2 were rated as potentially viable cathodes for commercial applications. Among these, LiMn2O4 and its composites was considered a sound
cathode material for high-performance LIBs. In this study, the multi-walled carbon nanotube (MWCNT)-wrapped spinel
LiMn2O4 nanocathode was synthesized via simple sol–gel method and characterized by X-ray diffraction (XRD),
field-emission scanning electron microscopy (FESEM), Raman, Impedance and galvanostatic charge/discharge analyses
to study their structural, morphological, optical and electrochemical properties, respectively. XRD results reveal that the
pure and MWCNT-embedded LiMn2O4 nanocathode exhibited similar cubic structure with space group of Fd3m. The
as-fabricated MWCNT/LiMn2O4 battery showed the excellent reversible capacity (114 mAh g–1) with higher coulombic
efficiency after multiple cycles. Herein, simple wrapping methodology was adopted to overcome the drawbacks of the
pure spinel. Incorporated MWCNT uniformly entwined in the LiMn2O4 and lead to prevent the volume expansion, and
pulverization in surface of the active LiMn2O4 particles, which confirmed from post FESEM analysis and their results are
discussed. Interestingly, MWCNT addition showed that the enriched electrochemical properties in LiMn2O4 nanoparticles
are able to hold as a potential cathode for high voltage LIBs.
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Introduction

Rechargeable lithium-ion batteries (RLIBs) are mostly
implemented and one of the successful battery technology
among other energy storage devices, which avail as
potential fountain in lot of applications like portable electronic gadgets, personnel computers, etc. [1,2]. RLIBs have
peculiar advantages such as higher energy density, high
coulombic efficiency, less self-discharge and no memory
effect. Nonetheless, the high rate capability and power
density LIBs are much popular and become research hotspots in modern scenario, and further extended their
potential applications in electric vehicle (EV), hybrid
electric vehicle (HEV) and smart grids industry [1–3]. In
case of commercialized LIBs made of traditional positive
electrode like lithium cobalt oxide (LiCoO2)-layered
structure and olivine type of lithium iron phosphate
(LiFePO4) does not offer the high rate capability. In addition, both electrode materials are of high cost and the
presence of Co is highly toxic in nature and exhibited the
low thermal stability. The LiFePO4 cathode is very much
complicated to synthesize and also has low value of Li?

diffusion, resulting in the loss of battery capacity [4–6].
These drawbacks of traditional cathode materials push the
research communities towards the development of low-cost,
environmental friendly alternative positive electrode materials for RLIBs. In this perspective, spinel cubic crystal
structure of lithium manganese oxide (LiMn2O4) with space
group of Fd3m cathode materials is employed and serves as
an excellent alternate for the above material. In LiMn2O4,
Li and Mn ions occupies the 8a tetrahedral and 16 d octahedral sites of the cubic closely packed oxygen ions in the
spinel structure. Nevertheless, this spinel cathode suffers the
rapid capacity fading due to Jahn–Teller distortion, Mn
dissolution in electrolyte, low electronic conductivity and
loss of crystallinity, which prevent in the aspect of commercialization [7,8]. Hence, in order to solve the issues of
the spinel LiMn2O4, various approaches have been adopted
and one of the most promising and significant tool is
incorporation of conducting additives, which leads to
increase the electrical conductivity of the same. Among
conducting additives, multi-walled carbon nanotube
(MWCNT) was selected due to unique one-dimensional
tubular structure, high electronic conductivity, larger
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surface area and chemical stability [9–11]. Importantly,
LiMn2O4, is one of the promising cathode material for the
Li/Na ion batteries. Normally, MWCNT/LiMn2O4 composite sample is prepared with the sophisticated instrumentation and consumes higher energy. In addition, usage
of higher experimental techniques limits their commercializations to a large extend. Here a simple technique of
MWCNT wrapping on LiMn2O4 has been attempted to
overcome the drawbacks like capacity fading of the
LiMn2O4 over multiple cycling by reducing the volume
expansion. The MWCNT wrapping is one of the simplest
techniques that can be easily adopted in large scale. In order
to implement and promote facile and lower energy consumption experimental techniques, we tried to make
MWCNT–LiMn2O4 composite via simple magnetic stirring
with calcination process. In this study, we demonstrated the
structural, impedance and electrochemical performance of
the spinel LiMn2O4 carbon composite and synthesized by
facile approach. This type of simple methodology is able to
produce more efficient composite cathode for the LIBs. The
present results clearly establish the improvement of capacity with comparatively less volume expansion of the
sample, which is proved from the electrochemical studies of
the same.
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Experimental and characterization methods

As required stoichiometric ratios of lithium acetate,
manganese acetate and citric acid were dissolved in 50 ml
of distilled water under constant stirrer. After 3 h, the precursor homogeneous solution was evaporated at 90°C for
2 h for the gelation process. Then, gel was preheated in
oven at 100°C for overnight for the further removal of
water. Finally, the obtained product was heated at 800°C in
furnace for several hours to form a spinel LiMn2O4
nanocathode. For the preparation of MWCNT–LiMn2O4,
required amount of as-prepared LiMn2O4 nanopowder was
dissolved in the N-methyl-2-pyrrolidone, used as a solvent.
Then, 5 wt% MWCNT was added into the homogenous
solution and stirred at higher rpm for several hours. Finally,
LiMn2O4/MWCNT slurry solution was treated at 400°C for
3 h in furnace and collected for the further
characterizations.
The prepared samples were structurally studied by X-ray
diffraction (XRD) analysis using Philips X’Pert PRO
diffractometer with Cuka radiation (k = 1.5406 Å). The
Raman analysis was done via RM-1000 Renishaw confocal
instrument with 532 nm laser wavelength source. The
morphology of the samples was evaluated by field-emission
scanning electron microscopy (FESEM) analysis using Carl
Zeiss Sigma field emission SEM (FE-SEM). The electrical
property was analysed using AC impedance analysis with
the help of HIOKI-LCR 3532-50.

Electrode preparation for the fabrication of coin cell

The carbon composite and pure LiMn2O4 electrodes were
prepared using 85 wt% active materials (pure LiMn2O4 and
MWCNT/LiMn2O4), 10 wt% carbon block and 5 wt%
PVdF as binder compound. The slurry was properly mixed
using N-methyl-2-pyrrolidone as a solvent. At last, slurry
was coated on the Al-foil and kept at 120°C in over for 3 h
for the removal of solvent. The coin cell was assembled
using Li-metal foil, 1 vol% : 1 vol% ethylene carbonate and
dimethyl carbonate with 1 M LiPF6, above dried carbon and
pure LiMn2O4 sample as an anode, electrolyte and cathode
materials, respectively. Before assembling, Li-metal foil
and Al-coated cathodes were cut into the size of 8 mm.
Whatman filter paper was employed as separator for the
present fabrication of cell and cut into 16 mm size. The coin
cell was fabricated at Argon-filled glove box. The charging
and discharging analysis was performed via battery tester
(Landt CT2001A).
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Results and discussion
Structural analysis

Figure 1a represents the Rietveld XRD pattern of spinel
LiMn2O4 and LiMn2O4/MWCNT carbon nanocomposites.
The GSAS was used to employ the refinement of the
structural data with fitting factors of Rp 0.98% and 1.10%
for the pure and carbon composite, respectively. The well
and sharp distinguished crystalline peaks are noted at 2h
= 18.6°, 36.2°, 38.9°, 44.1°, 48.3°, 58.4° and 64.1°, which
are ascribed to the crystal planes of (111), (311), (222),
(400), (331), (511) and (440), respectively [9]. Both the
XRD patterns reveal that the there is no secondary phase
formation peak, which indicates the high purity of the
sample. In other words, Li ions are located at the tetrahedral (8a) sites, Mn4? ions occupied at octahedral (16d)
sites and O2– ions remained at 32e sites [12]. The above
crystal peaks are well indexed with cubic spinel LiMn2O4
(JCPDS card no. 35-0782) and have the space group of
Fd3m. In the case of carbon composite, a new crystalline
peak is observed at 2h = 26.4°, which corresponds to the
MWCNT peak [9,10]. Thus, confirms the successful
formation of MWCNT/LiMn2O4. Using the VESTA
software, the refined data has been used to employ the
structure of prepared material and their structure is shown
in figure 1b. The crystallite size of the spinel LiMn2O4 is
38 nm and carbon nanocomposite exhibits the size of 26
nm, which indicates decrement in the particle size of the
pure spinel. The presence of MWCNT is able to reduce
the agglomeration of particles, which is well matched
with the results of FESEM analysis.
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(a) Rietveld XRD pattern of pure and carbon composite material. (b) Generated crystal structure of LiMn2O4.

FESEM analysis

The FESEM images of the prepared samples are shown in
figure 2 with several magnifications. It is found that, surface
morphology of the spinel LiMn2O4 shows the non-uniform
spherical particles and is randomly distributed over the
surface of the samples. Therefore, it is unable to calculate
the particle size of the individual. In case of LiMn2O4/
MWCNT, the uniform morphology with uniform size of the
particles are distributed over the surface (figure 2c and d).
The obtained morphology is nearly similar to the reported
survey of the LiMn2O4 [13]. Moreover, MWCNTs are
randomly mixed with the spinel LiMn2O4 particles. The
approximate particle size of the carbon nanocomposite is
166 nm. The MWCNT served as the conductive matrix as
well as play a vital role in reducing the agglomeration of the
spinel LiMn2O4 nanoparticles [12]. EDAX spectrum of
pristine and composite nanocathode is portrayed in figure 3a
and b, and confirms the as-synthesized sample is not
indexed to the any of the impurity phase. The obtained
atomic and weight percentage of the same is listed in
table 1.

3.3
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Raman analysis

The Raman spectrum of spinel LiMn2O4 and LiMn2O4/
MWCNT sample is individually depicted in figure 4a and b,
respectively. The characteristic strong band at 609 cm–1
corresponds to the symmetric Mn-O stretching vibration of
MnO6 octahedral units [9,14]. This band has been shifted
and appeared at 617 cm–1 for the carbon composite spinel.
The medium vibrational peak at 482 cm–1 is attributed to

the symmetric stretching of Mn-O and it has been shifted at
493 cm–1 for the composite. The weak band at 371 and 430
cm–1 is ascribed to the symmetric bending of Li-O and
symmetric stretching O-Mn-O vibration [9], respectively.
This low wavenumber region corresponds to the mixed
characteristic vibration due to the presence of bending
modes of O-Mn-O band and LiO4 modes. The new Raman
strong band appeared at 1348 and 1579 cm–1 for the carbon
composite material. These peaks correspond to the D-band
and G-band of the graphite, respectively. The presence of
D-band is due to sp3 structural disorder, while G-band is
structural integrity of the sp2 hybridized graphene effects
[11].

3.4

AC Impedance spectroscopy analysis

The Nyquist plots of the spinel and nanocomposite cathode
are shown in figure 5. The impedance data is fitted with
equivalent circuit using z-view software and suitable circuit
is shown as an inset figure. The semicircle at high frequency
region and followed by the slanted spike at low frequency
section is present. The semicircle formation reveals that the
parallel combo of resistance and capacitance, while slanted
spike correlates the ionic blockage with the electrode/electrolyte interface [15,16]. From both the plots,
grain and grain boundary effects are not clearly distinct; it
can be distinguished from the fitted circuit model and
grain/grain boundary resistance also obtained. Comparing
the Nyquist graph of pristine sample, grain resistance seems
to be lesser for the carbon composite, which indicates that
the formation of three-dimensional network and stabilize
the surface of the LiMn2O4 particles. Thus, facilitates the
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Figure 2. FESEM micrograph of (a and b) pure LiMn2O4 with different magnifications and
(c and d) MWCNT/LiMn2O4.

Figure 3.

EDAX spectra of (a) pure spinel and (b) MWCNT/LiMn2O4 compounds.

Li? transportations via shortening the diffusion paths and
also prevents the agglomeration of nanoparticles. Moreover,
MWCNT incorporation decreases the contribution of grain
boundary impact in the nanocathode. The grain and grain
boundary conductivity are calculated using the reported
formula [17] and their values are tabulated in table 2. The

decrement in the both grain and grain boundary resistance is
attributed to the rapid charge migration process between the
pure spinel particles and MWCNT, thereby enhances the
conductivity. The total conductivity of the LiMn2O4/
MWCNT is improved and the value is found to be 8.384 9
10–4 S cm–1. This work implies that the incorporation of
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Table 1. Elements present in the as-synthesized spinel
compounds.
Sample
Pristine
LiMn2O4
MWCNT/
LiMn2O4

Elements

Normal weight
(%)

Atomic weight
(%)

Mn
O
Mn
O
C

52.41
47.59
57.25
32.04
10.71

24.29
75.71
26.47
50.87
22.66

MWCNT into the lithium-based metal oxide is able to
demonstrate the excellent performance and to be used as a
successful nanocathode material for the high-voltage LIBs.
Additionally, figure 6a and b portrays the real (z0 ) and
imaginary part (z00 ) of impedance with respect to function of
frequency for the pristine and carbon-based spinel composite, respectively. In all figures, z0 and z00 values are found
to be decreased with increase in the frequency, indicating
the enhancement of the conductivity in the as-synthesized
spinel nanostructures. At the same time, z0 value seems to be
decreasing for the carbon composite material. It is noted
from the real impedance section for the both samples,
higher value of z0 is obtained as a consequence of space
charge or interfacial polarization at lower frequency portion
[18]. For the imaginary part of impedance plots, the z00
values are dropped while improving the frequency (figure 6b). Interestingly, position of the peak moves towards
the high frequency regime and diameter of the peaks also
decreased. As an outcome, impedance values get decreased
with increase in the frequency, thereby improves the conductivity of the spinel compounds.

Figure 4.

Figure 5. Nyquist plots of the pure LiMn2O4 and LiMn2O4/
MWCNT.

3.5

Electrochemical studies of fabricated LiMn2O4 cell

Figure 7a and b presents the nature of charge/discharge
process of fabricated LiMn2O4-enabled coin cells with
cutoff potential of 3.4 to 4.2 V vs. Li/Li? at 1 C. The
charge/discharge plot is given for fifth and hundredth cycles
for pure and MWCNT added sample. Both the spinel
samples show the Li? insertion and extraction nature with
this potential, which indicates the typical feature for spinel
LiMn2O4 structure [19]. As observed from figure 7a and b,
pure LiMn2O4 and MWCNT/LiMn2O4 cell exhibits the
similar charging and discharging capacity values. The
pristine LiMn2O4 presents discharge capacity of 108 mAh
g–1, whereas MWCNT-incorporated LiMn2O4 revealed
higher capacity and the value of 122 mAh g–1. Notably,
there is no plateau voltage region observed for the both
pristine and MWCNT-embedded samples as lacks in the

Raman plot of (a) as-synthesized pure spinel, (b) MWCNT/LiMn2O4 spinel.
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Impedance parameters of the pure and carbon materials.

Table 2.
Sample

LiMn2O4
LiMn2O4/MWCNT

Figure 6.

Grain resistance (g) (X)

Grain boundary resistance (gb) (X)

rg
(S cm–1)

rgb
(S cm–1)

Total
r (S cm–1)

564
82

6824
3703

1.04 9 10–5
8.2 9 10–4

9.89 9 10–6
1.84 9 10–5

1.139 9 10–5
8.389 9 10–4

(a) Real and (b) impedance parameters as a function of frequency for the as-synthesized cathodes.

Figure 7.

(a and b) Charge–discharge plots for as-synthesized pure and carbon composite cathodes.

polarization process. Also, the enhanced performance may
be derived from the storage of huge number of Li? on the
surface of MWCNT, functional groups in the interface of
LiMn2O4/MWCNT and structural disordering, etc. [20].
LiMn2O4 carbon composite demonstrates excellent reversible capacity of 114 mAh g–1 after several cycles, which is
primarily responsible for uniform formation of solid electrolyte interphase in electrode/electrolyte.

The cycling capacity and retention ratio of pure and
carbon composite electrodes over multiple cycles are estimated and shown in figure 8a and b. The enriched electrochemical performance is noticed for the MWCNT-added
spinel electrode with better retention ratio of 93%, which is
far better than the pure spinel. The pure spinel exhibits the
initial and final reversible capacity of 108 and 86 mAh g–1.
The low performance pure LiMn2O4 is due to its larger
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(a and b) Cycling stability of fabricated cell over several cycles using pure and carbon cathodes.

grain impedance, which is analysed from AC impedance
studies and unable to allow the Li? intercalation/de-intercalation in an easier manner. Whereas MWCNT-enabled
LiMn2O4 allows Li? more easily as because of larger surface area and provides lesser diffusion distance. Specific
capacity fading is high for the pure cathode sample, which
is ascribed to the dissolution of Mn ions in electrolytes and
higher grain resistance, etc. [21]. For the MWCNT/
LiMn2O4, discharge reversible capacity for initial and after
100 cycles is 122 and 114 mAh g–1, respectively. Evidently,
capacity fading of LiMn2O4 can be resolved via preparing
carbon–LiMn2O4 composite and illustrates stable electrochemical performance and good reversible capacity. Noteworthy, this higher capacity is noticed as a result of
reduction in the contact resistance between Li-ions and
electrolyte. Simultaneously, more amounts of Li? has been
migrating to anode and vice versa, thereby attains good
reversibility. The as-fabricated battery shows the excellent
reversible capacity with higher coulombic efficiency (figure 8a and b). The MWCNT-dispersed sample exhibits
more stable coulombic efficiency (up to 100%) than that of
the sample without containing the MWCNT. The
stable galvanostatic charge–discharge capacity of about 122
mAh g–1 with minimum capacity decay and the
stable coulombic efficiency of the sample over the cycling,
clearly establish the role of MWCNT in stabilizing the wellknown capacity decay of pure LiMn2O4 samples with
traditional preparation conditions. Table 3 shows electrochemical performance of the earlier works in LiMn2O4 and
LiMn2O4/MWCNT. The volume expansion and capacity
fading of LiMn2O4 is due to cracking and antagonistic
pulverization effects, which can be resolved by facile
wrapping technique of MWCNT using simple experimental
condition. The present work clearly establishes the
improvement of capacity with comparatively less volume
expansion of the sample, which is evident from the capacity
vs. cycle number plot of the sample. Besides, the noticed

Table 3. Electrochemical performance of carbon composite and
LiMn2O4 materials.
Sample
LiMn2O4
LiMn2O4
Micro-sized LiMn2O4
LiMn2O4 nano-wire
LiMn2O4 nano-rods
LiMn2O4 nano-chains
LiMn2O4/C
LiMn2O4/CNT
LiMn2O4/GNS
LiMn2O4/CNT
LiMn2O4/MWCNT
LiMn2O4/CNT
LiMn2O4/MWCNT
LiMn2O4/MWCNT

Discharge Capacity
(mAh g–1)
106.5
108.3
103
116
110
100
83
144
146
116
72
109
120
122

References
Kim et al [7]
Jiang et al [19]
Chen et al [22]
Lee et al [23]
Tang et al [24]
Tang et al [21]
Yue et al [25]
Zhao et al [20]
Xia et al [10]
Liu et al [11]
Jia et al [26]
Bulow et al [27]
Present work

reversible capacity of MWCNT-wrapped LiMn2O4 is well
indexed with the earlier surveys [20–27].
The pulverization or volume expansion of the prepared
LiMn2O4 has suppressed by the MWCNT wrapping, which
can be examined from FESEM analysis of the sample after
cycling. Figure 9a and b shows the FESEM micrograph of
cycled pure LiMn2O4 and carbon composite samples, and
demonstrates the similar morphology with slight variations,
which may be due to multiple intercalations of Li-ions
through the LiMn2O4 particles. The MWCNT wrappings
after multiple cycling are more or less similar to the morphology of the sample before cycling. The LiMn2O4 particles
wrapped with CNT exhibits less cracks and pulverization
after multiple cycling, which may be due to the addition of
MWCNT that stabilize the LiMn2O4 particles by wrapping on
its surface. This not only leads to reduce the resistance of
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MWCNT addition and holds the role of conductive matrix.
The complexation between LiMn2O4 and MWCNT was
proved from the Raman analysis as well as FESEM results.
As-synthesized composite and pure material was free from
impurity phases, confirmed from EDAX and XRD analyses.
The excellent conductivity of the order of 10–4 S cm–1 was
monitored for carbon nanocomposite, which was greater
than the pure LiMn2O4. The MWCNT–LiMn2O4 composite
exhibited excellent electrochemical features in terms of its
reversible specific capacity (122 mAh g–1) and cycling
behaviour (93% retention) after multiple cycles. Notably,
no much change was observed on the surface of the
MWCNT/LiMn2O4 before and after cycling, the wrapped
CNT lead to preserve the structure and reduced the volume
expansion and pulverization effects. As a whole, MWCNT/
LiMn2O4 carbon nanocomposite is suitable for the positive
electrode in the RLIBs.
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Conclusion
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