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chemical performances of MoO2

nanoparticles composited with carbon nanotubes
for lithium-ion battery anodes

Song Qiu,a Guixia Lu,a Jiurong Liu,*a Hailong Lyu,a Chenxi Hu,a Bo Li,b Xingru Yan,c

Jiang Guoc and Zhanhu Guo*c

The nanocomposites of carbon nanotubes (CNTs) with homogenously anchored molybdenum dioxide

(MoO2) nanoparticles of 20–50 nm have been successfully synthesized by a hydrothermal method.

Glucose has dual functions, i.e., reducing agent and surfactant to prohibit the anisotropic growth,

resulting in the direct deposition of MoO2 nanoparticles on the CNT surfaces. As the anode of lithium-

ion batteries (LIBs), the as-prepared MoO2/CNT nanocomposites deliver a higher reversible capacity of

640 mA h g�1 at a current density of 100 mA g�1 after 100 cycles, compared to only 246 and 259 mA h

g�1 for MoO3 nanobelts/CNT composites and MoO2 nanoparticles, respectively. The superior

electrochemical performances are attributed to the nanocomposite structure of MoO2 nanoparticles

anchored on CNTs, which have efficiently enhanced the electrical conductivity and lithium ion diffusion,

and maintained the integrity of electrode during the charge/discharge processes.
1. Introduction

Recently, many efforts have been devoted to exploring novel
electrode materials for the application of ever-growing high-
power density lithium ion batteries (LIBs). As potential anode
materials, transition metal oxides including Fe3O4,1 Fe2O3,2

Co3O4,3NiO,4Mn3O4,5 andMoO3,6 have shown higher capacities
than that of the commercially employed graphite anode
(specic capacity of 372 mA h g�1). Among them, molybdenum
oxides such as MoO3(ref. 6–8) and MoO2 (ref. 9–11) have
attracted extensive attention due to their high theoretical
capacities (1117 mA h g�1 for MoO3, and 838 mA h g�1 for
MoO2), high electrochemical activity, suitable lithium reaction
voltage, and affordable cost. However, most of the transition
metal oxides serving as anode materials for LIBs usually suffer
from large volume expansion/shrinkage and pulverization
during the lithiation/delithiation processes, which will lead to
the destruction of the anode structure and thereby rapidly
degrade the electrochemical performances.9,12

To maintain the integrity of anode structure, the employ-
ment of nano-structuredmetal oxides is an efficient approach to
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relieve the stress–strain generated during the lithiation/
delithiation processes. It also shortens the pathway for Li-ion
diffusion and electron transport, and provides more contact
area between anode material and electrolyte, leading to a higher
energy density.6,13,14 For example, Lee et al.7 have reported that
MoO3 nanocrystallites prepared by a chemical vapor deposition
method exhibited a reversible capacity of 630 mA h g�1 aer 150
cycles at the current rate of 1/2C, while MoO3 particles with the
size of 5 mm displayed a rapid capacity loss with cycling. Core–
shell MoO2 hierarchical microcapsules have been synthesized
by a template-free solvothermal method.9 The MoO2 micro-
capsule anode delivered a reversible capacity of 623.8 mA h g�1

aer 50 cycles at a current rate of 1C, while the anode made of
commercial MoO2 powders showed a rapid capacity fading and
only maintained the initial capacity of 35%, indicating that the
nanostructured molybdenum oxides exhibited superior lithium
storage capability.

The combination of metal oxides with various carbon
materials, such as amorphous carbon,15–19 graphene,20,21 nano-
bers,22,23 and nanotubes,24–26 is another strategy to improve the
electric conductivity of anode and to accommodate the strain of
volume change as a buffer, both are benecial to enhance the
electrochemical performances of LIBs. Among carbon mate-
rials, carbon nanotubes (CNTs) have attracted wide attentions
as additives in constructing hybrid nanocomposites due to their
superior electrical conductivity, high surface-to-volume ratio,
ultrathin walls, and structural exibility.27–32 For example, the
composites of CNTs with MoO3 nanobelts showed a reversible
capacity of 421 mA h g�1 at the current density of 200 mA g�1

aer 100 cycles, and delivered 293 and 202 mA h g�1 at current
This journal is © The Royal Society of Chemistry 2015
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densities of 2 and 4 A g�1, respectively.31 Inspired by the above
researches, constructing the nanocomposites of MoO2 nano-
particles anchored on CNTs will be more benecial to its LIBs
application since CNTs can be intertwined to form unique
conductive networks, which provide continuous pathways for
electron transport, and MoO2 nanoparticles anchored on CNTs
will supply high capacity. In addition, the CNTs with MoO2

nanoparticles deposited on surface can serve as the buffer to
prevent the aggregation and pulverization of MoO2 nano-
particles during the lithiation/delithiation processes, and
thereby maintain the integrity of electrode structure.

In this work, MoO2/CNTs nanocomposites have been
synthesized by a facile hydrothermal approach with the assis-
tance of glucose, which was employed as the reducing agent and
the structure directing surfactant. The electrochemical
measurements demonstrate that the as-synthesized MoO2/
CNTs nanocomposite exhibits superior cycling and rate
performances than the MoO2 nanoparticles and the composite
of CNTs with MoO3 nanobelts.
2. Experimental
2.1. Materials

Sodium molybdate dihydrate (Na2MoO4$2H2O), D-glucose
(C6H12O6), hydrochloric acid solution (HCl, 37 wt%), concen-
trated nitric acid (HNO3, 68 wt%) and CNTs were purchased
from Sinopharm Chemical Reagent Co., Ltd. Carbon black, Li
foil and Celgard 2300 were provided by Hefei Kejing Material
Technology Co., Ltd, China. Polyvinylidene uoride (PVDF),
LiPF6 (dissolved in ethylene carbonate, dimethyl carbonate, and
ethylene methyl carbonate with a volume ratio of 1 : 1 : 1) were
purchased from Shenzhen Biyuan Technology Co., Ltd, China.
All the chemicals were analytical grade and were used as-
received without further purication.
2.2. Preparation of MoO2/CNTs nanocomposite, MoO3

nanobelts/CNTs composite and MoO2 nanoparticles

Firstly, the purchased CNTs were treated by nitric acid at 140 �C
for 6 h in a Teon-lined stainless steel autoclave. Aer that, the
acid-treated CNTs were centrifuged and washed with deionized
water and ethanol several times until the pH value to about 7,
and then dried under vacuum at 60 �C for 24 h. The MoO2/CNTs
nanocomposites were synthesized as follows. Typically, 0.02 g
CNTs were dispersed in 10 mL deionized water under ultrasonic
treatment for 1 h, and then 0.2 mmol Na2MoO4$2H2O and 0.05 g
glucose were added into the suspension, followed by the drop-
wise addition of 1 mL HCl (3 M) under magnetic stirring. Thirty
minutes later, the mixture was transferred into a 30 mL Teon-
lined stainless steel autoclave, and subsequently sealed and
heated at 180 �C for 12 h in an oven. The black precipitate was
collected by centrifugation and washed with deionized water
and ethanol several times, and then dried in vacuum overnight.
The preparation procedures of the composites of CNTs with
MoO3 nanobelts andMoO2 nanoparticles were the same as those
of the MoO2/CNTs nanocomposites only without adding glucose
or CNTs in the hydrothermal process, respectively.
This journal is © The Royal Society of Chemistry 2015
2.3. Characterizations

The structure of products was determined by X-ray powder
diffraction (XRD) on a Rigaku D/Max-RC X-ray diffractometer
with Ni ltered Cu Ka radiation (l ¼ 0.1542 nm, V ¼ 40 kV, I ¼
40 mA) in the range of 10–80� at a scanning rate of 4� min�1. A
JSM-6700F eld emission scanning electron microscope (FE-
SEM) at an accelerating voltage of 20 kV and an electric
current of 1.0 � 10�10 A; and A JEOL JEM-2100 high-resolution
transmission electron microscopy (HR-TEM) with an acceler-
ating voltage of 200 kV were utilized to examine the morphology
and microstructure. X-ray photoelectron spectra (XPS) were
recorded on a Kratos Analytical spectrometer, using Al Ka (hn ¼
1486.6 eV) radiation as the excitation source, under a condition
of anode voltage of 12 kV and an emission current of 10 mA.
Thermal gravimetric analysis (TGA) measurement was carried
out in an SDT Q600 (TA Instruments Ltd., New Castle, DE)
thermal-microbalance apparatus at a heating rate of 10 �C
min�1 in an air atmosphere from ambient temperature to
700 �C to evaluate carbon content in the products.
2.4. Electrochemical measurements

To prepare the working electrode, the homogenous slurry was
formed by dispersing the as-prepared active material, carbon
black, and polyvinylidene uoride (PVDF) with a weight ratio of
8 : 1 : 1 in N-methyl-2-pyrrolidinone (NMP). The slurry was
coated on a copper foil substrate, followed by drying in
a vacuum oven at 120 �C for 12 h. The CR2025-type cells were
assembled in a glovebox lled with argon atmosphere using Li
foil as counter electrode, Celgard 2300 as separator, and 1 M
LiPF6 (dissolved in ethylene carbonate, dimethyl carbonate, and
ethylene methyl carbonate with a volume ratio of 1 : 1 : 1) as
electrolyte. As the active material, the typical mass loading of
MoO2/CNTs, MoO3 nanobelts/CNTs and MoO2 on the working
electrodes was 1.5–2.0 mg cm�2. The performance of the cells
was evaluated galvanostatically in the voltage range from 0.02 to
3 V at various current densities on a LAND CT2001A battery test
system. Cyclic voltammogram (CV) was obtained by an Ivium-
Stat electrochemistry workstation at a scan rate of 0.3 mV s�1

and the potential vs. Li/Li+ ranging from 0.01 to 3 V. The elec-
trochemical impedance spectrum (EIS) was obtained on the
same instrument with AC signal amplitude of 10 mV in the
frequency range from 100 kHz to 0.01 Hz. The data were
adopted to draw Nyquist plots using real part Z0 as X axis, and
imaginary part Z00 as Y axis.
3. Results and discussion
3.1. Characterizations of MoO2/CNTs nanocomposites,
MoO3 nanobelts/CNTs composites and MoO2 nanoparticles

From the XRD pattern of MoO2/CNTs nanocomposite shown in
Fig. 1a, all diffraction peaks can be assigned to monoclinic
MoO2 (JCPDS 65-5787), indicating the reduction of Mo6+ to
Mo4+ by glucose during the hydrothermal process. For the
composites of CNTs and MoO3 nanobelts (Fig. 1b) fabricated
without the addition of glucose, all the recorded peaks could be
ascribed to those of orthorhombic MoO3 (JCPDS 05-0508), and
RSC Adv., 2015, 5, 87286–87294 | 87287
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Fig. 2 FE-SEM images of (a and b) MoO2/CNTs nanocomposites, (c
and d) MoO3 nanobelts/CNTs composites, and (e and f) MoO2

nanoparticles.

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
9 

O
ct

ob
er

 2
01

5.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
T

en
ne

ss
ee

 a
t K

no
xv

ill
e 

on
 0

6/
06

/2
01

6 
17

:3
7:

41
. 

View Article Online
no diffraction peaks of MoO2 or other molybdenum oxides were
observed. The intensity of (020), (040) and (060) peaks is
stronger than the standard diffraction data of MoO3 (JCPDS 05-
0508), indicating the anisotropic growth of MoO3 nanobelts.
Fig. 1c displays the XRD pattern of MoO2 nanoparticles
prepared without the addition of CNTs. All diffraction peaks
match well with the monoclinic MoO2 (JCPDS 65-5787), also
conrming that Mo6+ has been reduced to Mo4+ by glucose in
the hydrothermal reaction.

The FE-SEM image (Fig. 2a) of MoO2/CNTs nanocomposites
shows that the surface of CNTs is smooth and no aggregated
MoO2 particles are observed except for CNTs. However, from the
high-magnication image (Fig. 2b), a lot of dispersed MoO2

nanoparticles are observed to be attached on the surface of
CNTs. For the sample prepared without the addition of glucose,
FE-SEM images (Fig. 2c and d) reveal that CNTs are mixed with
MoO3 nanobelts with the width of ca. 500 nm and the length of
ca. 10 mm to form composites. Thus, glucose is believed to play
an important role as the surface modier in controlling the
morphology and size of molybdenum oxides. Glucose, a kind of
surfactant, can physically absorb on the CNTs surface to link the
subunits of MoO2 and prohibit the anisotropic growth, result-
ing in the direct deposition of MoO2 nanoparticles on CNTs
surface. Fig. 2e and f show the SEM images of the sample
fabricated without the addition of CNTs. The product is
composed of nanoparticles with the size of 20–50 nm and a lot
of nanoparticles are agglomerated together to form large
clumps. No nanobelts are observed in the sample, further
conrming that glucose prohibits the anisotropic growth of
molybdenum oxides.

Fig. 3 presents the HR-TEM images of MoO2/CNTs nano-
composite. A lot of MoO2 nanoparticles with the size of 20–50
nm are observed anchored on the surface of CNTs, Fig. 3a and
b. The higher magnication image (Fig. 3c) reveals a fringe with
a spacing of 0.34 nm, corresponding to the (002) crystalline
plane of CNTs. The measured lattice distance of nanoparticle is
around 0.34 nm, corresponding to the (011) plane of MoO2.

To evaluate the carbon content, TGA tests have been carried
out in the fabricated MoO2/CNTs nanocomposites, MoO3
Fig. 1 XRD patterns of (a) MoO2/CNTs nanocomposite, (b) MoO3

nanobelts/CNTs composite, and (c) MoO2 nanoparticles.

87288 | RSC Adv., 2015, 5, 87286–87294
nanobelts/CNTs composites, and MoO2 nanoparticles. In the
TGA and DSC curves of MoO2/CNTs nanocomposites (Fig. 4a),
one exothermic peak accompanying with the weight loss of
about 2.5% is observed in the temperature range of 300–400 �C,
corresponding to the oxidation process of glucose residue.33

Another exothermic peak at 400–600 �C accompanying with an
intensive 37.9% weight loss is attributed to the oxidation of
CNTs to form volatile species such as CO and CO2.28 For the
MoO3 nanobelts/CNTs composites (Fig. 4b), only one
exothermic peak observed at 400–600 �C in the DSC curve
accompanying with 38.5% weight loss corresponds to the
oxidation of CNTs. In Fig. 4c, an exothermic peak, appeared in
the DSC curve of MoO2 nanoparticles from 300 to 400 �C,
indicates the oxidation of glucose residue. Meanwhile, a slight
weight gain is observed in the TGA curve, suggesting the
oxidation reaction from MoO2 to MoO3, which is also observed
in previous works.34,35

The XPS measurement was carried out to determine the
chemical composition of MoO2/CNTs nanocomposites, Fig. 5.
In the survey scan (Fig. 5a), the distinct peaks at 530.1, 415.5,
398.0, 284.6, and 233.2 eV are assigned to the O 1s, Mo 3p1/2, Mo
3p3/2, C 1s, and Mo 3d, respectively, indicating the presence of
O, Mo and C elements in the nanocomposites. In the Mo 3d
spectrum (Fig. 5b), two peaks at 233.3 and 230.2 eV correspond
to Mo 3d3/2 and Mo 3d5/2, respectively, which are in agreement
with the XPS results of MoO2 in the previous reports.36,37 The O
1s spectrum (Fig. 5c) is broad and deconvoluted into three
peaks at 530.7, 532.3 and 533.6 eV, which are assigned toMo–O–
Mo, C–O–Mo and C]O bonds, respectively.38 The C–O–Mo
interfacial bonding introduced onto the CNTs surfaces has
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 HR-TEM images of MoO2/CNTs nanocomposites at different magnification (a–c).
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substantially improved the structural integrity and electro-
chemical cyclability of MoO2/CNTs nanocomposites. Similar
phenomena have been demonstrated in other CNTs compos-
ites.39,40 The C 1s peak (Fig. 5d) can be deconvoluted into three
peaks at 284.6, 285.7, and 286.6 eV, corresponding to the C–C,
C–O and C]O groups.41–43 On the base of above analysis, the
proposed formation mechanism of the as-synthesized MoO2/
CNTs nanocomposite is given in Fig. 6.
Fig. 4 TGA/DSC curves of (a) MoO2/CNTs nanocomposites, (b) MoO3

nanobelts/CNTs composites, and (c) MoO2 nanoparticles.

This journal is © The Royal Society of Chemistry 2015
3.2. Electrochemical performances of MoO2/CNTs
nanocomposite, MoO3 nanobelts/CNTs composite and MoO2

nanoparticles

To evaluate the applicability of MoO2/CNTs nanocomposites as
LIBs anode material, the electrochemical performances were
investigated in the voltage window of 0.01–3.0 V. For compar-
ison, the MoO3 nanobelts/CNTs composites and MoO2 nano-
particles were also employed as anode materials. Fig. 7a–c
display the cyclic voltammetry (CV) curves of the MoO2/CNTs,
MoO3 nanobelts/CNTs, and MoO2 samples in the initial three
cycles, respectively. For the MoO2/CNTs nanocomposites
(Fig. 7a), there are six cathodic peaks appeared at ca. 0.06, 0.5,
1.1, 1.4, 2.2 and 2.7 V in the rst discharge process. According to
the CV result and previous works, two cathodic peaks at 1.4 V
(shied to 1.5 V from the second cycle) and 1.1 V (shied to 1.2
V from the second cycle) are the characteristics for Li+ insertion
reactions in MoO2 to form Lix1MoO2 and Lix2MoO2 (x2 > x1),
respectively, accompanying with the phase transition.32,44–47 One
weak peak at 0.5 V disappeared from the second discharge
process is related to the irreversible reduction of electrolyte and
the formation of solid electrolyte interphase (SEI) layer.48 The
main cathodic peak at ca. 0.06 V (shied to 0.01 V from the
second cycle) can be ascribed to the Li conversion reaction, in
which Mo metal and Li2O are produced.46,47 Compared with the
CV curve of MoO3 nanobelts/CNTs (Fig. 7b), two weak peaks at
2.2 and 2.7 V (Fig. 7a) disappeared from the second discharge
process originate from the Li+ insertion reaction of MoO3,
suggesting that the slight oxidation of MoO2 nanoparticles still
existed in the MoO2/CNTs nanocomposites due to the exposure
to air although there is no diffraction peak of MoO3 observed in
XRD pattern (Fig. 1a). In the subsequent charge process, a wide
and split anodic peak in 1.4–1.8 V is attributed to the oxidation
of Mo0 to Mo4+ and the decomposition of Li2O. Aer the second
cycle, the CV curves tend to overlap very well, demonstrating
that this electrode exhibits a gradually enhanced cycling
stability for the insertion and extraction of lithium ions.
Therefore, the reversible electrochemical reaction formula in
lithium ion battery can be described as the lithium insertion/
extraction in MoO2 along with the phase transition and subse-
quent conversion reaction:46,47

MoO2 (monoclinic) + x1Li
+ + x1e

� 4

Lix1
MoO2 (orthorhombic) (1)

Lix1
MoO2 (orthorhombic) + (x2 � x1)Li

+

+ (x2 � x1)e
� 4 Lix2

MoO2(monoclinic) (2)
RSC Adv., 2015, 5, 87286–87294 | 87289
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Fig. 5 XPS spectra of MoO2/CNTs nanocomposites: (a) survey scan, (b) Mo 3d, (c) O 1s, and (d) C 1s.
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Lix2
MoO2 + (4 � x2)Li

+ + (4 � x2)e
� 4 Mo + 2Li2O (3)

As to the MoO3 nanobelts/CNTs composites, there are four
reduction peaks at ca. 0.07, 0.5, 2.1 and 2.6 V observed in the rst
cathodic process, and three oxidation peaks at ca. 0.07, 1.3 and
1.7 V appeared in the counterpart anodic process (Fig. 7b). The
cathodic peaks at 0.5, 1.3 and 1.7 V disappeared from the second
discharge process, suggesting the irreversible decomposition of
the electrolyte, the formation of SEI layer, and the Li+ insertion
in the Mo–O octahedron layers and Mo–O octahedron intra-
layers with the formation of LixMoO3.49–52 The intense reduction
peak at 0.07 V (shied to 0.01 V from the second cycle) corre-
sponds to the electrochemical reduction reaction of LixMoO3

with Li to generate Mo0. From the second cycle, the CV spectra
(inset of Fig. 7b) are similar to those of MoO2/CNTs (Fig. 7a) and
MoO2 (Fig. 7c). A broad anodic peak in 1.2–1.8 V is attributed to
the oxidation ofMo0 toMo4+ and the decomposition of Li2O. The
above experimental results suggest that, the reduced Mo0 is
Fig. 6 Schematic diagrams illustrating the formation mechanism of Mo

87290 | RSC Adv., 2015, 5, 87286–87294
mainly re-oxidized to Mo4+ rather than Mo6+ in the rst charge
process. That is to say, from the second cycle, the mainly
reversible electrochemical reaction in cell is the lithium
insertion/extraction reactions in MoO2. Therefore, two cathodic
peaks at ca. 1.5 and 1.2 V are the characteristics for Li+ insertion
reactions in MoO2 to form LixMoO2 from the second cycle. For
MoO2 sample, the CV prole (Fig. 7c) is similar to that of MoO2/
CNTs. The two cathodic peaks at 1.3 and 1.0 V are attributed to
the lithium insertion in MoO2 to form LixMoO2. The peak at 0.4
V disappeared from the second discharge process, correspond-
ing to the irreversible reduction of electrolyte and the formation
of SEI layer. The reduction peak at 0.04 V (shied to 0.01 V from
the second cycle) is ascribed to the reduction of lithiated Lix-
MoO2 to metallic Mo. A weak and broad peak at ca. 2.2 V dis-
appeared from the second discharge process indicates the
presence of Mo6+ due to the slight oxidation of MoO2 nano-
particles exposed to air. In the following charge process, one
broad and split anodic peak in 1.4–1.8 V is attributed to the
oxidation of Mo0 to Mo4+ and the decomposition of Li2O.
O2/CNTs nanocomposites.

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Cyclic voltammogram curves of (a) MoO2/CNTs nanocomposites, (b) MoO3 nanobelts/CNTs composites, (c) MoO2 nanoparticles, and (d)
Nyquist plots of the MoO2/CNTs, MoO3 nanobelts/CNTs and MoO2 samples. The insets in (b) and (d) are the highlighted CV curve of MoO3

nanobelts/CNTs composites and the equivalent circuit, respectively.
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To further investigate the electrochemical performances of
MoO2/CNTs, MoO3 nanobelts/CNTs, and MoO2 samples, elec-
trochemical impedance spectroscopy (EIS) measurements con-
ducted on the cells at a current density of 100 mA g�1 aer 100
cycling are shown in Fig. 7d. The Nyquist plot of each cell is
comprised of arc in the high- and medium-frequency region,
and an inclined line in the low frequency region.53,54 The
diameter of the semicircle is in direct proportion to the
impedance, which contains electrolyte resistance (Re), surface
lm resistance (Rsf) and charge transfer resistance (Rct).55–57 The
inclined line is related to the lithium-ion diffusion inside the
electrode materials corresponding to the Warburg impedance
(Zw).58,59 The impedance spectra can be tted based on
a reasonable equivalent circuit (inset of Fig. 7d), in accordance
with the Li-ion insertion/extraction mechanism in electrode.60,61

CPE in this model expresses the double layer capacitance. The
(Re + Rsf + Rct) values for MoO2/CNTs, MoO3 nanobelts/CNTs,
and MoO2 samples are ca. 39, 83 and 112 U, respectively. The
measured results indicate that the addition of CNTs into
molybdenum oxides enhanced the electrical conductivity and
charge transfer. Comparing with MoO3 nanobelts/CNTs, the
MoO2/CNTs nanocomposites exhibited lower impedance, which
could be attributed to the nanostructure of MoO2 nanoparticles
anchored on CNTs resulting in better electrical contact of CNTs
network (Fig. 2). In the low frequency region, the slope of
inclined line for MoO2/CNTs nanocomposites and MoO2

nanoparticles is larger than that of MoO3 nanobelts/CNTs
composites, suggesting that the lithium ion diffusion ability
of these two samples is superior to MoO3 nanobelts/CNTs
composites. The reason could be ascribed to the size decrease
of molybdenum oxides based on the SEM measurements
This journal is © The Royal Society of Chemistry 2015
(Fig. 2), which is benecial to lithium ion diffusion. Therefore,
the addition of CNTs in the MoO2/CNTs nanocomposites can
enhance the electrical conductivity, and the nanosized MoO2

particles anchored on CNTs facilitate the lithium ion diffusion.
The galvanostatic discharge/charge curves of MoO2/CNTs,

MoO3 nanobelts/CNTs and MoO2 in the potential range from
0.02 to 3.0 V vs. Li+/Li reference electrode at the current density
of 100 mA g�1 are shown in Fig. 8. The MoO2/CNTs electrode
exhibits initial discharge–charge capacities of 782 and 459mA h
g�1, respectively, with a coulombic efficiency (the ratio of charge
capacity to discharge capacity) of 58.7% (Fig. 8a). The large
initial irreversible loss is attributed to the irreversible reduction
of MoO2 to Mo and other possible irreversible processes (elec-
trolyte decomposition and the formation of SEI layer).47 The
initial coulombic efficiency of MoO3 nanobelts/CNTs is 57.9%
(Fig. 8b), with initial discharge–charge capacities of 694 and 402
mA h g�1, respectively. For the MoO2 electrode, the rst
discharge and charge capacities are 475 and 299 mA h g�1,
respectively (Fig. 8c). The initial coulombic efficiency is 62.9%.
The MoO2 electrode shows the highest initial coulombic effi-
ciency. Furthermore, the curves for MoO2/CNTs and MoO2

electrode of the second and third discharge/charge cycles
coincide better than those of MoO3 nanobelts/CNTs electrode.
These results indicate the good reversibility of the electro-
chemical reaction of MoO2 and MoO2/CNTs.

Fig. 9a shows the cycling performance of MoO2/CNTs
nanocomposites at a constant current density of 100 mA g�1.
The nanocomposite electrode delivers the reversible capacity of
640 mA h g�1 aer 100 cycles. The reversible capacity of MoO2/
CNTs electrode exhibits an increasing tendency with the cycling
onward within the initial 50 cycles, even reaches 805 mA h g�1
RSC Adv., 2015, 5, 87286–87294 | 87291
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Fig. 8 Galvanostatic discharge/charge curves of the 1st, 2nd, and 3rd

cycle for (a) MoO2/CNTs nanocomposites, (b) MoO3 nanobelts/CNTs
composites and (c) MoO2 nanoparticles.
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aer 50 cycles due to a gradual activation process of MoO2/CNTs
electrode during the discharge/charge processes. Similar
phenomena have been also found in other anode nano-
materials.5,30 As a comparison, the cycling performances of
Fig. 9 (a) Cycling performances of MoO2/CNTs, MoO3 nanobelts/CNT
capabilities of MoO2/CNTs and MoO3 nanobelts/CNTs nanocomposites

87292 | RSC Adv., 2015, 5, 87286–87294
MoO3 nanobelts/CNTs and MoO2 nanoparticles at the current
density of 100 mA g�1 are also shown in Fig. 9a. In the initial 20
cycles, MoO2 nanoparticles exhibit a similar capacity increase
tendency as the MoO2/CNTs electrode, however, the capacity
decreases successively with further cycling and is only 259 mA h
g�1 aer 100 cycles, suggesting that the addition of CNTs is
benecial to improve the cycling stability. For the MoO3

nanobelts/CNTs composites, the capacity shows intensive
decrease to 246 mA h g�1 aer 100 cycles probably due to the
structural isolation between MoO3 nanobelts and CNTs (Fig. 2),
and the pulverization of large-sized MoO3 nanobelts during the
Li-ion insertion/extraction processes, which break down the
integrity of electrode.

The higher reversible capacity of MoO2/CNTs nano-
composites than those of MoO3 nanobelts/CNTs and MoO2

nanoparticles further demonstrates that the hybrid structure of
MoO2 nanoparticles anchored on CNTs signicantly improves
the cycling performance and leads to higher retention capacity.
The cycling performance of MoO2/CNTs nanocomposites is also
much better than those of the reported MoO2/graphite
composites (720 mA h g�1 aer 30 cycles at the current density
of 100mA g�1)62 andMoO2/C hollow spheres (640mA h g�1 aer
80 cycles at the current density of 50 mA g�1)63 in long cycling
performance and reversible capacity. Moreover, the coulombic
efficiency quickly reaches to 90% in the second cycle, even
remains more than 96% from h to 100th cycle. From the rate
capability shown in Fig. 9b, the MoO2/CNTs nanocomposite
electrode achieves reversible capacities of ca. 560, 572, 539 and
356 mA h g�1 at the current densities of 100, 200, 400 and 800
mA g�1, respectively. When the current density is recovered to
100 mA g�1 aer the rate performance test, the discharge
capacity reaches 692 mA h g�1 higher than 560 mA h g�1

acquired at the initial current density of 100 mA g�1, suggesting
that the high current charge/discharge processes not only did
little to break down the integrity of the electrodes, but also
leaded to a gradual activation of the electrode materials, which
have also been found in other anode nanomaterials.64–66

However, the MoO3 nanobelts/CNTs composites only deliver
reversible capacities of ca. 305, 232, 179, and 129 mA h g�1 at
the current densities of 100, 200, 400 and 800 mA g�1, respec-
tively. The MoO3 nanobelts/CNTs composites show much lower
rate capability at the same current density than MoO2/CNTs
nanocomposites, mainly attributing to the structural isolation
s, and MoO2 at the current density of 100 mA g�1, and (b) the rate
.

This journal is © The Royal Society of Chemistry 2015
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between MoO3 nanobelts and CNTs. On the base of the above
results and discussion, the superior electrochemical perfor-
mances of the MoO2/CNTs nanocomposites can be attributed to
the following reasons. Firstly, the presence of intertwined CNTs
improves the electrical conductivity of the nanocomposites and
accommodates the volume change during the lithiation/
delithiation processes. The nanostructure of MoO2 nano-
particles anchored on CNTs is benecial to prevent the
agglomeration of MoO2 nanoparticles and maintain the elec-
trode integrity. In addition, the small size of MoO2 nano-
particles (ca. 20–50 nm) and the thin walls of CNTs facilitate the
Li ions diffusion in the electrode and increase the contact
surface between the active materials and electrolyte. Moreover,
the good attachment between MoO2 nanoparticles and CNTs
can effectively avoid the electrical isolation of MoO2/CNTs
anode during the charge/discharge processes.

4. Conclusion

The nanocomposites of MoO2 nanoparticles anchored on
carbon nanotubes (MoO2/CNTs) have been synthesized as
anode material for Li-ion battery by a facile approach.
Compared with the as-prepared MoO3 nanobelts/CNTs and
MoO2 nanoparticles, the MoO2/CNTs nanocomposites exhibit
superior cycling and rate performances. The CNTs network in
the nanocomposites not only provides a continuous long-
distance pathway for electron transfer, but also acts as a favor-
able buffer to the aggregation of the anchored MoO2 nano-
particles and the volume change, which maintains the integrity
of electrode during the lithiation/delithiation processes, nally
resulting in the enhanced electrochemical performances. The
hybridization of MoO2 nanoparticles with CNTs is proved to be
an efficient way to improve the electrochemical performances of
LIBs anode.
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