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A large scale direct thermal decomposition method has been developed to prepare NiO/MWCNT
nanocomposites. The as-prepared NiO nanoparticles are uniformly coated onto the surface of MWCNTs.
The well crystallized NIO/MWCNT composites show superior electrochemical performance in Li ion bat-
teries. The lithium storage capacity maintains at ~800 mAh g~ after 50 discharge/charge cycles, which is
much larger than those reported for NiO and its composites. Therefore, the NIO/MWCNT composites have

significant potentials for application in energy storage devices. The direct thermal decomposition method
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batteries.

is a versatile route for preparing carbon nanotube-inorganic hybrid electrode materials for lithium ion
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1. Introduction

Recently, there is great interest in controllable synthesis of
carbon nanotubes (CNTs)-inorganic hybrid materials [1,2]. These
composites have been widely developed as electrode materials
for energy storage devices due to their durability, nontoxicity,
cheapness, and in particular superior electrochemical proper-
ties [3-6]. The electrochemical performance of these composites
could be greatly affected by the uniformity, surface areas and the
maintenance of electrical contacts between CNTs and inorganic
nanostructures [7]. Therefore, many efforts have been devoted to
develop synthetic methods for preparing inorganic nanoparticles
uniformly coated on the surface or loaded into the inner cavities
of CNTs, such as MnO5/CNTs [8,9], SnO,/CNTs [10-12], Fe304/CNTs
[13] and Cu;0/CNTs [14]. Iron oxide/CNT composites have been
synthesized and showed improved lithium storage properties and
stable cyclic retention [15]. A simple solution method has been
adopted to synthesize SnO,/MWCNT composites that the SnO,
nanoparticles coated onto the surface and filled into inner cavities
of MWCNTs [16]. Though several methods have been applied to
synthesize CNT-inorganic hybrid materials, the experimental pro-
cedureis complex or with low yield due to the low solubility of CNTs
in common solvents. This is one of the critical factors restricting
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the commercial availability of the large-scale CNT-inorganic hybrid
materials [17,18].

Owing to their superior properties, nickel oxide has been under
extensive investigation as an important functional inorganic mate-
rials, such as fuel cell [19], solar cells [20,21], lithium ion batteries
(LIBs) and supercapacitors [22-25]. Loosely packed NiO nano-
flakes [26] and nanoplatelets [27] with porous structures have
been obtained by facile chemical precipitation and hydrother-
mal method, which showed excellent electrochemical performance
as electrode materials for supercapacitors and lithium ion bat-
teries, respectively. NiO nanotubes with specific capacitance of
80.49Fg~! have been synthesized through a precursor method
[23]. NiO/Ni [28] and NiO/Ag [29] composites have been prepared
as electrode materials for LIBs and showed excellent initial dis-
charge specific capacities. However, the capacity loss was very large
after several discharge/charge cycles and capacity retentions were
less than 50% for such composites. Therefore, mesoporous carbon
and carbon nanotubes have been introduced into the NiO/carbon-
based electrode materials, for utilizing their larger surface areas,
pore structures and superior electron transport properties. The
solvothermal, hydrothermal and spray pyrolyzed methods have
been applied to synthesize NiO/C nanocomposites, which showed
enhanced capacity retention compared to pure NiO nanoparticles
[30-33]. Kyotani et al. [34] investigated nickel oxide nanoribbons
encapsulated into the cavity of the carbon nanotubes by metal
organic chemical vapor deposition. Hollow nickel microspheres
covered with oriented carbon nanotubes have been synthesized via
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Fig. 1. (a) TEM image of the as prepared sample, (b) XRD curves of the NiO/MWCNT composites.

chemical vapor deposition at 800 °C [35]. And also, NiO nanoparti-
cles have been loaded onto the surface of MWCNTs using sodium
dodecyl sulfate (SDS) as a soft template or functionalized by
benzenesulfonic [36,37] and showed enhanced electrochemical
performance. However, NiO nanoparticles in NiO/MWCNT com-
posites were usually aggregated together and nonuniformly coated
onto the surface of MWCNT. Recently, the NiO nanofibers reinforced
by SWCNTs have been prepared by electrospinning and exhibited a
higher reversible capacity and lower capacity loss compared to pure
NiO fibers, mainly because the three-dimensional electric network
formed by CNTs provided large surface areas and contributed to
high conductivity [38].

Recently, a facile method for the synthesis of metal oxide
nanocrystals with controllable shape and size based on direct ther-
mal decomposition of metal nitrates in octadecylamine have been
developed by Li’s group [39]. The method is rapid, economical and
easily scaled up. Inspired by this, we developed the direct thermal
decomposition procedure to prepare the NiO/MWCNT nanocom-
posites in N-methyl-2-pyrrolidone (NMP) solvent with high yield.
NiO nanoparticles are uniformly coated on the surface of MWCNTs.
The composites show enhanced lithium storage capacity compared
with the reported results of NiO composites. The direct thermal
decomposition method has great potential in synthesis of car-
bon nanotube-inorganic hybrid materials as electrode materials for
LIBs.

2. Experimental
2.1. Materials synthesis

All chemicals were of analytical grade and used without further
purification. MWCNTs were purchased from Chengdu Institute of
Organic Chemistry, Chinese Academy of Sciences.

MWCNTSs prepared by the catalytic decomposition of CH4 were
purified in the following process. First, 1.0 g of pristine MWCNTs
was dried in a vacuum oven at 60°C for 24 h. The dried samples
were mixed with 45 ml concentrated nitric acid and sonicated for
30 min. Then, the suspensions were transferred into a 250 ml three-
necked round-bottomed flask and refluxed at 140°C for 6h with
magnetic stirring. The mixtures were separated through 0.22 pm
member filter and washed with distilled water and absolute
ethanol until the pH value reached neutral. Finally, the acid-treated
MWCNTSs were dried at 60 °C for 24 h in a vacuum oven.

Nickel oxide/MWCNT composites were synthesized by a two-
step process. In a typical procedure, 500 mg acid-treated MWCNTs
were mixed with 250 ml N-methyl-2-pyrrolidone (NMP) and son-
icated for 120min. A homogeneous suspension with MWCNT

concentration of 2mgmL-! was formed. And then, 10 mmol
Ni(NO3),-6H,0 was poured into the above suspension and mag-
netically stirred for 60 min. Then, the suspensions were transferred
into a 500 ml three-necked round-bottomed flask and refluxed at
180°C in oil bath for 60 min with magnetic stirring. Subsequently,
the flask was taken out and allowed to cool to room temperature
naturally. The mixtures were separated through 0.22 wm member
filter and washed with distilled water and absolute ethanol several
times. The composites were dried in vacuum at 80°C overnight.
Finally, the as-prepared powders were annealed in a muffle fur-
nace at different temperatures and kept for further use. The yield
of the NiO/MWCNTs is about 1.0 g.

2.2. Characterization methods

Phase identification was performed on the powder X-ray
diffraction pattern (XRD), using D/max 2550V X-ray diffraction-
meter with Cu-Ka irradiation at A=1.5406A. Transmission
electron microscopy (TEM), High Resolution Transmission electron
microscopy (HRTEM) and energy-dispersive X-ray spectroscopy
(EDS) were performed on JEM-2100F Electron Microscope with an
accelerating voltage of 200kV. Field-emission scanning electron
microscope (FE-SEM) was performed on JSM-6700F at an accel-
eration voltage of 10.0kV.

2.3. Galvanostatic charge/discharge tests

The electrochemical properties of the NiO/MWCNT composites
as a negative electrode used in Li-ion batteries were characterized
at room temperature. The working electrode was made from the
mixture of the active materials, acetylene black, and polyvinyli-
dene fluoride (PVDF) binder in a weight ratio of 80:10:10. Li foil
was used as the counter electrode. The electrolyte was 1M LiPFg
in a 50:50 w/w mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC). Cell assembly was carried out in a glove box with
the concentrations of moisture and oxygen below 1 ppm. The elec-
trode activities were measured using a CT2001 battery tester. The
cell was charged and discharged between 3.0 and 0.010V with a
current density of 50mAg-1.

3. Results and discussion

The TEM image of the as prepared sample is shown in Fig. 1(a).
Amorphous nickel oxide nanoparticles are uniformly coated on the
surface of MWCNTSs as shown in the TEM image. The amorphous
nature is demonstrated by the XRD curves as shown in Fig. 1(b),
in which only one diffractive peak appears coincident with the
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Fig. 2. TEM images of NIO/MWCNT composites, nanotubes and nanochains after annealed at different conditions (a-b) 250°C/4 h; (c-d) 300°C/1 h; (e-f) 350°C/1h; (g)

400°C/1h.

main peak of h-C(00 2) for carbon nanotubes. Fig. 2 shows the TEM
images of the NiO/MWCNT composites after annealed under differ-
ent temperatures. From Figs. 2(a-d) and 3, it can be seen that the
NiO nanoparticles are uniformly coated on the surface of MWC-
NTs. The XRD patterns clearly show the (101), (012),(110) and
(113) reflections of NiO (JCPDS card no. 44-1159; Fig. 1(b)). The
broad peaks indicate that the crystallized NiO nanoparticles are
very small. The particle size calculated by Scherrer equation is 3.4

100nm WD 60mm

Fig. 3. SEM image of the NiO/MWCNT composites annealed at 300°C for 1 h.

and 3.8 nm for samples annealed at 250 and 300 °C, respectively.
These are coincident well with the high magnification TEM image
(Fig. 2(b and d)). After thermal treatment at 350 and 400 °C for 1h,
the XRD patterns clearly show the (101),(012),(110)and (113)
reflections of NiO samples, and the h-C(0 0 2)reflection peak of car-
bon nanotube is weakened at 350°C or disappeared completely at
400°C. These coincide well with the results of TG test (Fig. 4). TG
results show that the as prepared sample shows a total weight loss
of 72.79% in the studied temperature range. Two distinct weight
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Fig. 4. Thermo gravimetric analysis showing the weight losses of sample synthe-
sized at different conditions.
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Fig. 5. (a) Discharge/charge curves of NIO/MWCNT composites annealed at 300°C for 1 h; (b) the discharge/charge capacity profiles of NiO/MWCNT composites in 5mV-3V

(vs. Li*/Li) at a constant current density of 50mAg-1.

loss zones can be seen, a ~45% weight loss attributed to dehydra-
tion of the samples from 100 to 350°C and a ~27.3% weight loss
from 350 to 500°C attributed to the decomposition of MWCNTSs.
For samples annealed at 250 or 300 °C, it has only one major zone
of mass loss with a total loss about ~45.5% (the calculated yield of
the as prepared sample is about 1.1 g based on the TG results). A
total weight loss of ~10% or 5% occured for samples annealed at
350 or 400 °C should be mainly attributed to the dehydration and
the burning of residual MWCNTs. Fig. 2(e-g) shows the TEM images
of NIO/MWCNT composites and nanotubes after being annealed at
350 and 400 °C for 1 h. When the temperature increased to 350°C, a
tube structure was observed from Fig. 2(e). Fig. 2(f) shows the high
magnification TEM image of the circular area in Fig. 2(e). It can be
seen that the nanoparticles with size of 10-20 nm assembled into
long tube structure. Further increasing the temperature to 400 °C,
NiO nanotubes with particle size of 20-30 nm are obtained. The BET
surface areas are 204.1, 139.9, 89.4 and 66.9 m? g~ for samples cal-
cinated at 250°C/4 h, 300, 350 and 400°C/1 h, respectively, while
the BET surface area of MWCNTs is 107.7 m2 g~ 1.

We chose the samples annealed at 250 and 300 °C for lithium
storage property measurement in a voltage range from 3.0V to
5mV ataconstant current density of 50 mA g~ 1. The lithium storage
properties of NIO/MWCNT composites are shown in Fig. 5. Fig. 5(a)
shows the discharge/charge curves of sample annealed at 300 °C for
1 h. During the first cycle, the initial discharge and charge capac-
ities are 1083.8 and 720.2mAhg~!, respectively; the Coulomb’s
efficiency are only 66.45%. As it shown in the initial discharge curve,
the voltage decreases sharply from 3.0to 1.25 Vand a plateauregion
appears at about 0.75V with a capacity of 750 mAh g~!. This cor-
responds to 2.09 Li per NiO sample considering the NiO/MWCNT
composites as pure NiO. The initial discharge capacity corresponds
to 3.02 Li per NiO. This is larger than the theoretical value of 2
Li per NiO (NiO +2Li* +2e~ =Li; O +Ni). The discharge capacities
are 763.3, 734.6, 813.5 and 861.4mAhg-! at 2nd, 10th, 20th and
30th cycles, respectively, as shown in Fig. 5(a). Fig. 5(b) shows
the discharge capacity profiles vs. cycle numbers of NiO/MWCNT
composites at a constant current density of 50 mA g~!. For sample
annealed at 300°C, we can see that the discharge capacities are
kept stable at ~800mAhg-! and the coulombic efficiency main-
tains about 97% after 50 discharge/charge cycles. For the sample
of 250°C/4 h, the discharge capacity stabilize at 500-580 mAh g~!
in the early 25 cycles (Fig. 5(b)). However, after 25 cycles, the
capacity decreases sharply in the subsequent cycles (Fig. 5(b), black
curve). The sample annealed at 300°C has better lithium storage
properties due to good crystallinity and better contact between
NiO and MWCNTs compared to the sample at 250°C for 4 h. For
sample annealed at 400°C (Fig. 5(b), black curve), the initial dis-
charge capacity is 1304.2 mAh g~! which corresponds to 3.64 Li per

NiO sample. It is higher than that of the samples for NiO/MWCNT
composites annealed at 250 and 300 °C. The discharge capacities
remain stable at ~950 mAhg-! from 2nd to 5th cycles. However,
after five cycles, the capacity loss increases sharply with capac-
ity loss about 50-100mAh g~! per cycle due to the pulverization
and loss of electrical contact with the current collectors. The dis-
charge capacity is only 173.6 mAhg-! at 20th cycle and capacity
retention decreases to 13.3% of the initial value. These results are
similar to the nanosheet-based NiO microspheres [40]. These can
attribute that there are no MWCNTs in the products when the sam-
ple annealed at 400 °C as it shown in the TG and XRD curves. The
NiO/MWCNT composites show superior lithium storage properties
due to the synergistic effect between MWCNTs and NiO nanopar-
ticles. MWCNTSs restrict the volume expansion/contraction effects
and enhance the conductivity of the composites due to the supe-
rior mechanical and electrical properties, leading to the superior
lithium storage properties for NiO/MWCNT composites.

4. Conclusions

In summary, we developed a facile direct thermal decom-
position method to prepare NiO/MWCNTs nanocomposites. The
as-synthesized NiO/MWCNT composites after annealed at 300°C
for 1h are well crystallized and exhibit superior properties
as electrode materials for lithium ion batteries. The lithium
storage properties could maintain at ~800 mAhg-1! after 50 dis-
charge/charge cycles. It is much higher than the reported data of
NiO and its composites. Therefore, NiO/MWCNT composites will
be potential electrode material for lithium ion batteries.
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