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1. Introduction
The demand of higher energy density and higher power 

capacity of lithium (Li)-ion secondary batteries has led to 
the search for electrode materials whose capacities and 
performance are better than those available today1-8. Commonly, 
a typical LIB includes an anode made from graphite, and a 
positive electrode (cathode) made from LiCoO2 and a Li-ion 
conducting electrolyte. When the cell is charged, Li ions are 
extracted from the cathode, pass through the electrolyte and 
are inserted into the anode. Upon discharging, the Li ions 
are released by the anode and move back to the cathode. 
The electrons pass around the external circuits in opposite 
directions. Compared to traditional rechargeable batteries 
such as lead acid and Ni-Cd batteries, rechargeable LIBs 
provide many advantages including high voltage, high 
energy-to-weight ratio, i.e. high energy density, long cyclic 
life, no memory effect and slow loss of charge1-3. For these 
advantages, LIBs are currently the most popular battery 
type of powering portable electronic devices. Although 
LIBs have shown remarkably commercial success, the 
electrodes and their component materials are still the target 
of interesting research for enhancement of electrochemical 

performance of batteries devices. The main disadvantages 
of LIBs are low power density as well as low ion diffusion 
and charge transfer during the process of charge–discharge 
at high rates as a consequence of high polarization9-11. 
Therefore, the development of new electrodes having a 
large surface area, a short diffusion and high electric/thermal 
conductions, is necessary to overcome the disadvantages of 
conventional materials.

Carbon nanotubes (CNTs), having high electronic 
conductivity, good lithium permeability and electrochemical 
stability, are particularly attractive for LIB applications12-14. 
The hybrid nanostructures obtained by incorporating CNTs 
into Li-storage compounds as novel electrode materials 
have been developed utilizing the aforementioned attractive 
properties of CNTs15-19. The use of CNTs in electrodes 
results in many advantages because of their high specific 
surface area as well as mechanical and transport properties. 
Recently, there have been many reports presenting the 
structures combining CNTs and nanoparticles such as V2O5 
and SnO2

[20] via a hydrothermal process. Such obtained 
V2O5- SnO2/CNT composites display fast Li+ transformation 
and high electronic conductivity. Jiang et al.4 has reported 
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direct-growth method by an in-situ hydrothermal to make high 
performance and flexible LiMn2O4/CNTs cathode without 
binder. The flexible cathode materials show a high capacity 
of and a stable cycling performance and thus have a great 
potential for flexible lithium ion batteries. More recently, 
Zhu et al.21 has reported CuCrO2–CNTs nanocomposites, 
which were fabricated by an in-situ hydrothermal method. 
This material exhibits excellent reversible specific capacity 
and cyclic performance. Even  at high charge/discharge 
rates (1 C), the specific capacity retention was still as high 
530 mAhg–1 after 40 cycles. In this study, we presented the 
synthesis and characterization of nanocomposites based 
on LMO/CNTs and LMNO/CNTs materials. We also 
investigated the impact of CNTs contents (2-10 wt%) in their 
nanocomposites to electrochemical properties of cathode 
material in LIBs application.

2. Experimental Procedure
2.1. Material

Baytubes C150P (Bayer Material-Science AG, Germany), 
synthesized via the chemical vapor deposition (CVD) method, 
were used as received. Polytetrafluoroethylene 60  wt % 
dispersion in H2O, Lithium carbonate (99%) (Li2CO3), 
Manganese dioxide (99%) (MnO2), Manganese carbonate 
(99.9%) (MnCO3), and Nickel(II) Nitrate Hexahydrate 
(99.99%) (Ni(NO3)2.6H2O) were purchased from Sigma 
Aldrich. H2SO4 (95%) and HNO3 (65%) were purchased 
from Fisher/Acros as received.

2.2. CNTs purification
150 mg of CNTs was immersed in 100 mL of the 

mixture of H2SO4 (95%) and HNO3 (65%). The reaction 
was performed in sonication bath for 4 hours. The CNTs 
were washed with deionized (DI) water several times, then 
were filtered and dried until constant weight. Finally, the 
morphology and structure of CNTs were characterized by 
scanning electron microscopy (SEM), transmission electron 
microscope (TEM) and Fourier Transform infrared (FTIR) 
spectroscopy.

2.3. Synthesis of LiMn2O4 (LMO) and 
LiNi0.5Mn1.5O4 (LNMO) materials

The cathode materials LiMn2O4 (LMO) and LiNi0.5Mn1.5O4 
(LNMO) were synthesized by solid state reaction.

Synthesis of LMO: Li2CO3 (2.5g, 67.6 mmol) and MnO2 
(5.8 g, 67.6 mmol) were initially mixed together and annealed 
at 600 °C for 24 hours. The mixture was then re-grounded, 
pressed into pellets and reacted repeatedly at 830 °C in air 
for 24 hours.

Synthesis of LNMO: Li2CO3 (2.5 g, 67.6 mmol), MnCO3 
(23.32 g, 0.202 mol), Ni(NO3)2.6H2O (19.65 g, 67.6 mmol) 
were mixed together and decomposed at 600 °C for 24 hours. 
Then, the mixture was re- grounded, pressed into pellets 
and reacted repeatedly at 900 °C for 24 hours. Finally, the 
material was cooled down and kept heating at 700 °C for 
24 hours to obtain LNMO.

2.4. Formation of LMO (LNMO)/CNTs 
nanocomposites

The nanocomposites LMO (LNMO)/CNTs was prepared 
by mixing method in ethanol solvent. The schematic 
illustration of nanocomposites formation process was shown 
in Figure 1. The cathode composition consists of 80 wt% 
spinel material, 10 wt% binder of 60%wt PTFE emulsion 
in water and 10 wt% of conducting agents (CNTs, Vulcan 
carbon). The effect of CNTs on cathode performance was 
studied for different CNTs ratios: 2, 4, 6, 8 and 10 wt%. 
The electrode material was firstly mixed with conducting 
agents in ethanol solution by using the IKA stirrer. The mixture 
was stirred in 15 minutes, and the solvent was evaporated 
at 80°C for 15 minutes. Then, the binder was finally added 
to obtain the cathode paste. This paste was rolled down to 
0.1 mm thickness and cut into pellets with diameter 10 mm 
and dried at 130°C under vacuum for 24 hours.

3. Characterization
FTIR (Thermo fisher scientific-model Nicolet 6700, 

frequency range of 4,000-500 cm–1). Attenuated total 
reflection Fourier transform infrared (ATR FT-IR) spectra 
were recorded using BIO-RAD Excalibur spectrometer 

Figure 1. Schematic illustration of LMO (LNMO)/CNTs nanocomposites by mixing method.
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equipped with an ATR Harrick Split PeaTM, the samples 
were recorded as the average of 128 scans with a resolution 
of 4 cm–1. Wide-angle powder X-ray diffraction (XRD) 
patterns were recorded at room temperature on a Bruker 
AXS D8 Advance diffractometer using Cu-Kα radiation 
(k =0.15406 nm), at a scanning rate of 0.05 degrees per 
second. SEM images were acquired using a field-emission 
scanning electron microscope (NOVA NANOSEM450, 
FEI) equipped with an Oxford energy dispersive X-ray 
(EDX) analysis system. TEM images were performed on a 
FEI Tecnai F20 microscope equipped with an Oxford EDX 
analysis system and with an acceleration voltage of 200 kV.

Cyclic voltammetry (CV) was performed on MGP2 
(Biologic, France) using ECLab software. The electrochemical 
cell including three electrode cells: a platinum electrode 
covered with a composite material as a working electrode 
(WE), an Ag/0.1 M AgNO3/0.01M TBAP in acetonitrile as 
reference electrode (RE) and a Pt wire as counter electrode 
(CE). The electrolyte solution consists of 0.75 M lithium 
bis(trifluoromethanesulfonyl)imide (LiTFSI) dissolved 
in 1:1 mixture of ethylene carbonate (EC) and dimethyl 
carbonate (DMC)22-24. The standard voltage of the reference 
electrode is 0.542 V versus SHE at 25 °C.

The impedance measurement (EIS) was performed 
in Swagelok-type batteries at room temperature. The cell 
consisting two electrode films as positive and negative 
electrodes was assembled. The electrolyte was a 1 M solution 
of LiClO4 in EC-DMC (1:1). The EIS was carried out using 
an Autolab 302N (MetroOhm).

Cycling tests were performed in Swagelok-type 
batteries at room temperature by using Swagelok-type 
batteries. Positive electrode pastes were composite of 
LMO (LNMO)/CNT. Negative electrodes were 200 μm 
thick lithium foil (Sigma Aldrich). Typical active material 

masses used were 15 - 20 mg/cm2. The electrolyte was a 1M 
solution of LiPF6 in EC:DMC with the volume ratio 50:50 
(Merck Co.). Cells were assembled in a glove box under 
argon to avoid oxygen and water. Electrochemical studies 
were carried out using MGP2 (Biologic, France) in the 
potential window 3.50 - 4.85 V vs Li/Li+, in galvanostatic 
mode at C/10 – C/20 regime.

4. Results and Discussion

4.1. Structure and morphology of purified CNTs
Purified CNTs were initially treated with a mixture of 

H2SO4 (95%)/HNO3 (65%) to clean the surface. Moreover, 
this treatment process also functionalized reacting groups such 
as hydroxyl, carboxyl, and carbonyl groups on the surface 
of CNTs. These functional groups not only facilitated the 
dispersion of the CNTs in water but also acted as centers for 
incorporation of metal oxide particles. The structures and 
morphologies of CNTs were characterized via SEM and TEM. 
Figure 2 showed the SEM images of CNTs before (a) and 
after (b) the purification process using H2SO4 (95%)/HNO3 
(65%). The morphology of CNTs was additionally confirmed 
by TEM. The TEM images of purified CNTs (Figure 3b) are 
much clearer comparing with the as-prepared one (Figure 3a). 
These results suggest that the CNTs were successfully purified 
using the acid treatment process.

The functional groups such as hydroxyl and carboxyl 
groups of CNTs were characterized via FTIR. The presence 
of hydroxyl groups and carbonyl groups corresponds to the 
appearance of broad peaks at 3425 cm–1 and 1736 cm–1, 
respectively. It should be noted that the CNTs containing 
hydroxyl and carbonyl groups would be necessary to be 
easily dispersed in polar solvents

Figure 2. SEM images of CNTs before (a) and after (b) acid treatment.
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4.2. Structure and morphology of LiMn2O4 
(LMO) and LiNi0.5Mn1.5O4 (LNMO)

Figure 4 shows X-ray diffraction patterns of the sample 
LiMn2O4 and LiNi0.5Mn1.5O4. The XRD patterns 2θ = 18°, 
36.5°, 38°, 44°, 48°, 58° and 64° could be assigned to 
face center cubic phase (fcc). The obtained materials were 
monophasic without impurity. The morphology of particles 
was analyzed by SEM images (Figure 5). The LMO shows 
the well-faceted octahedral particles, while the morphology 
of the LNMO particles exhibits irregular cubes. Both LMO 
and LNMO particles exhibit grain sizes from 0.5 μm to 1 μm.

4.3. Structure of LMO (LNMO)/CNTs 
nanocomposites

The structure of LMO (LNMO)/CNTs nanocomposites 
was also determined by XRD. The XRD diagram in Figure 6 
shows the specific peak related to CNTs at 25°, and all 
characteristic peaks corresponding to LMO/LNMO spinel 
phase at 18°, 36.5°, 38°, 44°, 48°, 58° and 64°, respectively. 
The result confirms the formation of nanocomposites LMO 
(LNMO)/CNTs by mixing process.

The morphologies of LMO (LNMO)/CNTs nanocomposites 
were characterized via SEM in Figure 7. The SEM results 
show a 1D tubular structure of the LMO (LNMO)/CNTs 
composite after mixing.

A typical low-magnification transmission electron 
microscopy (TEM) image (Figure  8) further shows that 
LMO (LNMO) distributed randomly on the CNTs surface. 
It should be noted that the particle size distribution of LMO 
and LNMO is much smaller than original particle size of 
LMO and LNMO. This phenomenon can be explained that 
the preparation of LMO (LNMO)/CNTs nanocomposites 
via mixing process eliminated the particles aggregation. 
Therefore the obtained particle size distribution of LNO 
and LMNO in their nanocomposites is around 50 nm. These 

results confirm that LMO and LNMO particles were deposited 
on the surface of the LMO (LNMO)/CNTs nanocomposites. 
More interestingly, the LMO (LNMO)/CNTs nanocomposites 
exhibit an interpenetrating network structure that offers a 
benefit of charge transfer in cathode materials.

4.4. Electrochemical properties of LMO 
(LNMO)/CNTs nanocomposites

Li+ intercalation/de-intercalation in LMO/CNTs and 
LNMO/CNTs nanocomposites as cathode electrode materials 
was characterized via cyclic voltammetry (CV). Figure 9 and 
Figure 10 show the CV curves of LMO (LNMO)/CNTs (2 wt%) 
compared to LMO (LNMO)/VC (Vulcan-Carbon ~ 2 wt%) 
as a standard material for comparison. The CV curves were 
carried out with a potential region of 0.1-1.3 V vs Ag/AgNO3 
and a scanning rate of 0.2 mV/s in an 0.75 M LiTFSI/
EC:DMC (1:1 by v/v) electrolyte solution. In the case of 

Figure 3. TEM images of CNTs before (a) and after (b) acid treatment.

Figure 4. XRD patterns of LMO and LNMO materials.
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LMO/CNTs, the CV curve shows double oxidation‑reduction 
peaks on the forward and backward scanning. As seen in 
Figure 8, the oxidation and reduction peaks in those curves 
relate to the Mn3+/Mn4+ redox couple, indicating the lithium 
intercalation/de-intercalation via the oxidation-reduction 
process. The intensity of Mn3+/Mn4 oxidation and reduction 
peaks of the LMO/CNTs nanocomposites is higher than that 
of the LMO/Vulcan Carbon materials. Similar to the CV 
results of LMO/CNTs, the intensity of Ni+4/Ni+2 oxidation 
and reduction peaks in LNMO/CNTs nanocomposites is 
also higher than that in LMO/Vulcan Carbon materials. 
These results proved that the higher efficiency of LMO 
(LNMO)/CNTs nanocomposites is better than LMO 
(LMNO)/Vulcan materials. Moreover the increase of wt% 
CNTs in LMO(LNMO)/CNTs nanocomposites leading to 
enhance the intensity of Mn3+/Mn4+ and Ni+4/Ni+2 compared 
to the LMO(LNMO)/VC at the same wt% of Carbon Vulcan. 

The highest intensity of Mn3+/Mn4+ and Ni+4/Ni+2 redox 
couple obtained at 10 wt% of CNTs in LMO(LNMO)/CNTs 
nanocomposites.

The electronic conductivity of LMO/CNTs and LNMO/CNTs 
nanocomposites compared to LMO (LNMO)/Vulcan 
Carbon was characterized by electrochemical impedance 
spectroscopy (EIS) as shown Figure  11 and Figure  12, 
respectively. As seen in the Nyquist plot spectra, at a high 
content of Vulcan Carbon, the charge transfer resistance (Rct) 
of LMO/Vulcan Carbon (10 wt%) decreases significantly 
and the diffusion resistance corresponding to Warburg (W) 
at low frequencies seem to dominate. On the other hand, the 
Warburg value of LMO (LNMO)/CNTs (10 wt%) is much 
lower than that of LMO (LNMO)/Vulcan Carbon (10 wt%). 
These results indicate that the electrochemical reaction of 
LMO (LNMO)/CNTs nanocomposites is better than that of 
LMO (LNMO)/VC as a result of high diffusion of lithium 
ions in the charge-discharge process.

Charge – discharge profile of the LMO (LNMO)/CNTs was 
characterized at the current density C/10 using Swagelok‑type 
cell. The charge-discharge capacity of LMO/CNTs (10 wt%) 
exhibited the value of 145 Ah.kg–1 that much higher than 
LMO/Carbon Vulcan (10 wt%) (70 Ah.kg–1) (Figure 13). 
To reach more insights into the efficiency of CNTs for 
charge – discharge process, we measured charge – discharge 
capacity of LMO/CNTs (2 wt%)/ VC (8 wt%) that exhibited 
the value of 90 Ah.kg–1 which is higher than the value of 
70 Ah.kg–1 of LMO/ Carbon Vulcan (10 wt%). These results 
suggested that the replacement of Carbon Vulcan by CNTs 
gave the efficiency of charge – discharge capacity due to 
high diffusion of lithium ions.

Similarly, the higher electrochemical performance 
was obtained for LMNO/CNTs (10 wt%) compared to 
the LMNO/Carbon Vulcan (10 wt%) which was shown in 
Figure 14. The high voltage of LNMO material exhibited 

Figure 5. SEM images of LMO particles (a) and LNMO particles (b).

Figure 6. XRD of LMO (LNMO)/CNTs nanocomposites.
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Figure 7. SEM images of LMO/CNTs (2 wt%) (a) and LNMO)/CNTs (2 wt%) (b) nanocomposites.

Figure 8. TEM images of LMO/CNTs (2 wt%) and LNMO/CNTs (2 wt%) nanocomposites.

Figure 9. CV curves LMO/CNTs (2 wt%) nanocomposites (solid 
line) and LMO/VC (2 wt%) (dash dot line).

Figure 10. CV curves of LNMO/CNTs (2 wt%) nanocomposites 
(solid line) and LNMO/VC (2wt%) (dash dot line).
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Figure 11. Nyquist plot of LMO/CNTs (10 wt%) nanocomposites 
(● plot) and LMO/Vulcan Carbon (10 wt%) (□ plot) composites 
electrode at room temperature.

Figure 12. Nyquist plot of LNMO/CNTs (10 wt%) nanocomposite 
(● plot) and LNMO/Vulcan-Carbon (10 wt%) (□ plot) composite 
electrode at room temperature.

Figure 13. 1st charge discharge cycle at C/10 rate of nanocomposite 
electrodes: LMO/10 wt% VC, LMO/10 wt% CNT, LMO/2 wt% 
VC + 8 wt% VC.

principally the long plateaus at 4.75 V vs Li+/Li and small 
shoulder at 4.2 V vs Li+/Li.

The cycling performance of LMO (LNMO)/CNTs 
nanocomposites and LMO (LMNO)/ Carbon Vulcan was 
shown in Figure 15 and Figure 16 respectively. After 40 cycles, 
the capacity retentions were 80% for LMO/VC (10 wt%), 
78% for LMO/CNTs (2 wt%)/Crabon Vulcan (8 wt%) and 
75% for LMO/CNTs (10 wt%), respactively. These results 
proved that CNTs agent mixed in the composite electrode 
reduce slightly the cycle efficiency due to enhancement 
of Li+ transport rate and electron into the spinel structure. 
It  is well-known that LMO bulk material exhibited the 
poor cycle ability at the 4 voltage plateau because of Jahn 
– Teller distortion of the (MnO6) octahedron caused by the 
Mn3+ cation at the 16d site25. The CNTs addition forming 

Figure 14. 1st charge discharge cycle at C/10 rate of nanocomposites 
electrodes: LNMO/VC (10 wt%) and LNMO/CNTs (10 wt%).

Figure 15. Cycling performance of nanocomposites electrodes at 
C/10 rate: LMO/VC (10 wt%), LMO/CNTs (2 wt%)/Carbon Vulcan 
(8 wt%) and LMO/CNTs (10 wt%).
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the conducting network enhanced the electrical connections 
among LiMn2O4 particles therefore Li+ intercalation/
de‑intercalation rate into/out of the spinel structure enhanced. 
In the other hand, the LNMO/CNTs (10 wt%) exhibited the 
excellent cycling behaviour in comparison with LNMO/VC 
(10 wt%). The capacity of LNMO/CNTs (10 wt%) remains 
99% after 35 cycles. In fact, the Ni doped LiMn2O4 improved 
respectively the cyclability performance of LiMn2O4 due to 

Figure 16. Cycling performance of nanocomposites electrodes 
at C/10 rate: LMO/10 wt% VC (10 wt%), LMO/CNTs (10 wt%), 
LMO/CNTs (2 wt%)/Carbon Vulcan (8 wt%).

the decrease of Mn3+. Furthermore, LNMO exhibited the 
high voltage plateau at 4,75 V vs Li+/Li corresponding to 
the oxidation couples of Ni2+/Ni4+.

5. Conclusion
We have successfully functionalized CNTs by a mixture 

of H2SO4/HNO3. Addition, the LMO and LMNO nanoparticles 
were synthesized via solid state reaction. The electrode materials 
based on LMO/CNTs and LMNO/CNTs nanocomposites were 
prepared successfully by mixing process. The LMO/CNTs and 
LNMO/CNTs nanocomposites cathode materials have proved 
a remarkably higher efficiency of Mn3+/Mn4+ and Ni2+/Ni4+ 
redox couples in comparison to traditional cathodes based 
on LMO (LNMO)/Vulcan Carbon composite. Moreover the 
LMO/CNTs and LNMO/CNTs nanocomposites exhibited quiet 
high charge-discharge capacity as well as the stabilization 
of charge-discharge process. With this proof of concept, 
LMO/CNTs and LNMO/CNTs nanocomposites can act as 
promising cathode materials for development of high density 
and high power lithium rechargeable batteries.
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