
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 0
6 

Ju
ly

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Sc

ie
nc

e 
an

d 
T

ec
hn

ol
og

y 
of

 C
hi

na
 o

n 
15

/0
6/

20
17

 0
2:

03
:1

2.
 

View Article Online
View Journal  | View Issue
Preparation of po
aHefei National Laboratory for Physical

Materials Science & Engineering, Collabora

Science and Technology, University of Sc

230026, China. E-mail: cqw@ustc.edu.cn
bHigh Magnetic Field Laboratory, Hefei Instit

of Sciences, Hefei 230031, China

† Electronic supplementary informa
10.1039/c6ta03491h

Cite this: J. Mater. Chem. A, 2016, 4,
12434

Received 26th April 2016
Accepted 6th July 2016

DOI: 10.1039/c6ta03491h

www.rsc.org/MaterialsA

12434 | J. Mater. Chem. A, 2016, 4, 12
rous MoO2@C nano-octahedrons
from a polyoxometalate-based metal–organic
framework for highly reversible lithium storage†

Guoliang Xia,a Dong Liu,a Fangcai Zheng,a Yang Yang,a Jianwei Sua

and Qianwang Chen*ab

Molybdenum oxide has been investigated as a host material for lithium-ion batteries due to its high

theoretical capacity (838 mA h g�1), low electrical resistivity, high stability and high electrochemical

activity toward lithium. However, a dramatic volume expansion occurred during the charge/discharge

process, which results in anode pulverization and thereafter a rapid capacity fading and limits its

application as an anode material. Herein, we report the preparation of MoO2 nanoparticles embedded in

a porous octahedral carbon matrix (denoted as MoO2@C) by using a polyoxometalate-based metal–

organic framework (PMOF) as the precursor. This facile strategy ensures the in situ formation of a porous

carbon matrix which could increase active sites to store redox ions and enhance the ionic diffusivity of

the encapsulated MoO2 nanoparticles. Benefiting from such unique structures, the MoO2@C composite

is capable of delivering a high reversible specific capacity of 1442 mA h g�1 after 50 cycles at a current

density of 100 mA g�1 and 443.8 mA h g�1 after 850 cycles at a current density of 1000 mA g�1 as an

anode material.
Introduction

Rechargeable lithium-ion batteries (LIBs) as important power
sources have been intensively pursued in recent years.1 The
superiorities such as large capacity, long longevity, high energy
density and low self-discharge make LIBs the best system for
upcoming mobile electric devices and hybrid electric vehicles.2

Commercialized graphite has been widely used as the anode
material in LIBs; however it has a limited theoretical capacity of
around 372 mA h g�1 due to the formation of the intercalation
compound LiC6. On the other hand, traditional lithium-storage
materials suffer from serious capacity loss as a result of the high
polarization and sluggish diffusion of Li+ ions and electrons in
the electrode materials, when discharged and charged at high
rates. To improve the performance of LIBs, great efforts have
been focused to develop new electrode materials, design novel
electrode structures, and decrease inactive ingredients in the
electrodes. Different advanced materials are mushrooming
to substitute traditional electrode materials, offering great
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potential for next generation high power and energy LIBs.
Among these available anode materials, metal oxides,3 such as
Fe2O3,4,5 SnO2,6 Co3O4,7 MnO,8 NiO,9 CuO,10 TiO2,11 and MoO2,12

have been regarded as very appealing candidates, because of
their high capacity, wide-spread availability, enhanced safety
and low cost. However, their remarkable lithium-storage
capacities are usually accompanied by the inherent poor elec-
trical conductivity and large volume change upon cycling,
resulting in rapid decay in capacity and limited rate perfor-
mance. Therefore, fabricating high performance metal-oxide
electrode materials with both large reversible capacity and long
cycle time still remains a big challenge.

Beneting from a high surface area and short diffusion
distance for lithium ions or electrons, nanostructured materials
exhibit superior performance.13 In particular, hierarchically or
hollow nanostructured materials14 have attracted great atten-
tion owing to their extraordinary features of large surface areas,
robust stability, distinct interior voids, low density and
decreased transport distance for both mass and charge trans-
port. Moreover, carbon has been used as a buffer to protect the
electrode materials as well as improve the electrical conduc-
tivity. Based on these strategies, so many inspiring studies have
been reported. Huang et al. synthesized hierarchical meso-
porous urchin-like Mn3O4/carbon microspheres and this
material showed a high lithium storage capacity of 915 mA h
g�1 at 100 mA g�1 aer 50 cycles, great cycling stability and
excellent rate capability.15 Zou et al. reported that the carbon-
stabilized ZnO/ZnFe2O4 uniform porous hollow octahedral
This journal is © The Royal Society of Chemistry 2016
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nanoparticle electrode material reaches a capacity of 1390 mA h
g�1 over 100 cycles at a current density of 100 mA g�1, and even
at 2 A g�1, aer 100 cycles, delivers a capacity of 988 mA h g�1.16

Molybdenum oxide has attracted attention as a host material
owing to its excellent electrochemical characteristics. In
particular, it has a high theoretical capacity (838 mA h g�1), low
electrical resistivity, high stability, and high electrochemical
activity toward lithium. However, the application of MoO2 as an
anode material failed to meet expectations due to rapid capacity
fading resulting from phase transformation and dramatic
volume change during lithiation and delithiation, which leads
to breakdown of electrical pathways.17 As a consequence,
thoughtful efforts have been focused on searching for MoO2-
based electrical materials with unique structures to solve the
inherent poor electrical conductivity and signicant volume
change. One of the effective approaches is to coat or hybridize
MoO2 materials with advanced carbon materials, which can
enhance power and energy densities and improve the cycling
performance.18–20 Carbon materials can greatly enhance the
electrical conductivity of MoO2, and effectively relieve the strain
caused by the volumetric change, as a specied buffer. These
strategies have been demonstrated for the synthesis of uniform
carbon-coated MoO2 nanospheres18 and nanobers,21 MoO2/
carbon hybrid nanowires,20 and MoO2 nanoparticles attached
on graphene.19,22 For example, Huang et al. synthesized 3D
graphene supported MoO2 through a facile chemical vapor
deposition (CVD), and it delivered high reversible capacities of
975.4 mA h g�1 and 537.3 mA h g�1 at a current density of 50
and 1000 mA g�1.22 Tang et al.12 reported that a hybrid con-
sisting of reduced graphene oxide (rGo) sheet-wrapped MoO2

porous nanobelts had a high reversible capacity (974 mA h g�1

charging capacity at 60 mA g�1). And this rGo wrapping layers
stabilize the nanophase transition in MoO2 and alleviate
volume swing effects during the lithiation/delithiation process.
However, the synthesis of MoO2-based nanostructures and
nanocomposites usually involves tedious and complicated
processes, and time-consuming hydrothermal synthesis in
autoclaves, such as CVD and preparation of graphene oxide23

and nanostructured MoO2 particles.
In recent years, metal–organic frameworks have attracted

extensive research interest in virtue of their porosity and tunable
functionalities, as well as widespread applications in catalysis,24

and electrochemical energy storage and conversion.25,26 On the
other hand, syntheses of functional materials from MOFs have
caught special interest. In particular, inspired by their high
surface area, porosities, and abundant carbon-containing
organic linkers, MOFs have been considered as promising
precursors and templates to fabricate porous carbon, metal
oxide, metal/carbon and metal oxide/carbon nanostructured
materials. Xu et al.27 rst employed MOF-5 as a template to
prepare nanoporous carbon, which provided a new example of
application of the rapidly growing MOF family. By engineering
the MOF precursor or calcination conditions, the structure and
composition of MOF-derived nanomaterials can be tuned and
optimized to achieve excellent anode performances for LIBs.
Also, it is widely believed that hollowmetal oxide nanostructures
could provide a higher capacity and better stability. The
This journal is © The Royal Society of Chemistry 2016
Kirkendall effect was explored to obtain porous Co3O4 nanocages
from the Prussian blue analogue, Co3[Co(CN)6]2, by calcination
at 400 �C in air.28 Lou et al. rst put forward that starting with
metal–organic frameworks, the large-scale and facile synthesis of
complex hollowmicroboxes can be available viamanipulation of
template-engaged reactions between the Prussian blue template
and different alkaline substances, and these microboxes exhibit
remarkable electrochemical performance as anode materials for
lithium-ion batteries.29 Zheng et al. reported nitrogen-doped
graphene particle analogues by using a nitrogen-containing
zeolitic imidazolate framework (ZIF-8) as a precursor.30 And
metal oxides embedded in the carbon matrix can be synthesized
by the calcination of oxygen-containing MOFs under a N2

atmosphere or oxygen-free MOFs in oxygen. Zheng et al. also
synthesizedMnO nanoparticles distributed in the porous carbon
matrix by annealing Mn-based metal–organic frameworks which
consist of Mn2+ ions and oxygen-containing trimesic acid linkers
under an inert N2 atmosphere.31 The CoO nanoparticles
embedded in a nitrogen-rich graphitic carbon matrix can be
synthesized by thermal decomposition of oxygen-free metal–
organic framework ZIF-67 under a ow of Ar and air.32 Obviously
a high content of carbon or heteroatoms in MOF-derived metal
oxide nanostructures should be desired for a signicantly
enhanced anode performance. In this regard, it is of importance
to synthesize porous nano-structures consisting of both metal
oxide nanoparticles and abundant carbon through a one-step
calcination of a MOF precursor.

Polyoxometalate-based metal–organic frameworks (POMOFs)
have attracted special interest for potential applications in
catalysis due to their high thermal stability, porous structure,
extra chemical composition, high specic surface area, and
versatile organic fragments.33–35 However, there are few reports
on using POMOF as a precursor to prepare a new lithium-ion
battery anode material. In this work, we developed a facile and
scalable in situ synthesis strategy to fabricate MoO2 nano-
particles homogeneously distributed in the porous carbon
matrix (denoted as MoO2@C) by annealing ambient-tempera-
ture prepared polyoxometalate-basedmetal–organic frameworks
(NENU-5) which contain Mo-based POM units and metal–
organic frameworks forming intriguing structures.36 The Mo-
based POM units and metal–organic frameworks were phos-
phomolybdic acid hydrate and Cu-based MOFs, respectively.
Distinct from previous studies, the present synthesis strategy
relies on an in situ and enclosed carburization reaction between
the oxygen-containing trimesic acid linkers and poly-
oxometalates that reside in the pores of the MOF host. This
strategy is easy, tunable, and cost-effective, and therefore it is
highly promising for mass production.

Experimental section and methods
Material preparation

All chemicals are of analytical grade, and were used without any
further purication. The octahedral POMOF (NENU-5)
precursor was synthesized according to the previous research.35

The typical procedure is as follows. Solution A: 1 mmol cop-
per(II) acetate monohydrate, 1 mmol L-glutamic acid, and 0.3 g
J. Mater. Chem. A, 2016, 4, 12434–12441 | 12435
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of phosphomolybdic acid hydrate were dissolved in a deionized
water (40 ml) system under agitated stirring for nearly 20
minutes to get a transparent solution. Solution B: 0.67 mmol of
1,3,5-benzenetricarboxylic acid was completely dissolved under
ultrasonic conditions in 40 ml of ethanol. Then solution B was
poured into solution A with continuous stirring and a deep
green precipitate (NENU-5 nanocrystals) appeared immediately.
During the reaction, these non-coordinating POM units could
be distributed homogeneously in the solution and surrounded
by organic ligands in the atomic scale, therefore guaranteeing
an in situ and consistent carburization reaction that can effec-
tively prevent generated MoO2 nanoparticles from agglomera-
tion. Aer stirring for 14 h, the precipitate was collected by
centrifugation and washed several times with absolute ethanol
and dried in an oven at 60 �C for further use. The Cu–MoO2@C
nano-octahedrons were successfully obtained by thermal
decomposition of the as-prepared precursor at 600 �C for 5 h
with a temperate ramp rate of 5 �C min�1 under a N2 atmo-
sphere. Aer that, the copper particles were removed by
dispersing the annealed sample in 0.1 M FeCl3 aqueous solu-
tion with strong stirring for 2 h. The resulting porous MoO2@C
nano-octahedrons were collected by centrifugation with deion-
ized water repeatedly and absolute ethanol, and nally dried at
60 �C overnight. Similarly, the carbon matrix was synthesized
through the same method without the addition of phospho-
molybdic acid hydrate.

Material characterization

The powder X-ray diffraction (XRD) patterns of all samples were
recorded with an X-ray diffractometer (Japan Rigaku D/MAX-gA)
equipped with Cu-Ka radiation (l ¼ 1.54178 Å) over the 2q range
of 20–80�. Field emission scanning electronmicroscopy (FE-SEM)
images were collected on a JEOL JSM-6700 M scanning electron
microscope. Transmission electron microscopy (TEM) images
were taken on a Hitachi H-800 transmission electron microscope
Scheme 1 Schematic illustration of the synthesis procedure for the poro
at ambient temperature. (b) Formation of Cu–MoO2@C nano-octahedron
of metallic Cu nanoparticles by Fe3+ etching to produce porous MoO2@
hedrons serve as electrochemical reactors for LIBs.

12436 | J. Mater. Chem. A, 2016, 4, 12434–12441
using an accelerating voltage of 200 kV, and a high-resolution
transmission electron microscope (HRTEM) (jeol-2011) was
operated at an acceleration voltage of 200 kV. The specic surface
area was evaluated at 77 K (Micromeritics ASAP 2020) using the
Brunauer–Emmett–Teller (BET) method, while the pore volume
and pore size were calculated according to the Barrett–Joyner–
Halenda (BJH) formula applied to the adsorption branch. Ther-
mogravimetric analysis (TGA) was carried out using a Shimadzu-
50 thermoanalyser under nitrogen ow. XPS measurements were
performed on a VGESCALAB MKIIX-ray photoelectron spec-
trometer with an Mgka excitation source (1253.6 eV).

Electrochemical measurements

The electrochemical behavior of the porous MoO2@C was
evaluated using CR2032 coin-type cells with lithium serving as
the counter electrode and the reference electrode. To prepare
a working electrode, the as-synthesized active material
(MoO2@C, 80 wt%), conductive material (acetylene black, 10
wt%), and the polymer binder (PVDF, 10 wt%) were mixed in N-
methyl-2-pyrrolidone. The mixture was subsequently brush
coated on copper foil and then dried at 80 �C for 12 h. The
electrolyte used in the cells was 1.00 M LiPF6 in ethylene
carbonate and diethyl carbonate (EC/DEC ¼ 1 : 1). The cells
were assembled in an argon-lled glovebox with both the
moisture and the oxygen contents below 1 ppm (Mikrouna,
Super (1220/750/900)). Cyclic voltammograms (CV) were ob-
tained on a CHI760E electrochemical workstation. The elec-
trode capacity was measured using the galvanostatic discharge/
charge method and employing a battery test system (Neware CT-
3008W) with a voltage range between 0.01 and 3.0 V.

Results and discussion

As illustrated in Scheme 1, the as-prepared NENU-5 nano-
octahedrons were calcined at 600 �C for 5 h under a N2
us MoO2@C nano-octahedrons. (a) Synthesis of the NENU-5 precursor
s after annealing at 600 �C for 5 h under a N2 atmosphere. (c) Removal
C nano-octahedrons. (d) The resulting porous MoO2@C nano-octa-

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 (a, b) FESEM and TEM images of the as-made MoO2@C nano-
octahedrons.
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atmosphere. During the annealing process, the MoO2 nano-
particles would be formed through the decomposition of Mo-
based POM. Meanwhile, the Cu2+ clusters were reduced to
metallic Cu and a carbon skeleton came into being from BTC
ligands. Finally, MoO2@C nano-octahedrons were obtained
aer removing metallic Cu with an aqueous solution of FeCl3,
which was conrmed by XRD analysis (see ESI, Fig. S1†), and
then used as an anode material for lithium-ion batteries.

A eld-emission scanning electron microscopy (FESEM)
image of NENU-5 particles is shown in Fig. 1a. Clearly, the
precursor particles with a diameter of approximately �1 mm
show a good uniformity, which can also be seen from the
transmission electron microscopy (TEM) image (see ESI,
Fig. S2†). Besides, the XRD pattern of the as-synthesized NENU-
5 (see ESI, Fig. S3†) matches well with that of simulated NENU-
5, and conrms the phase purity and good crystallinity.37 The
TGA-DSC curves of NENU-5 under a N2 atmosphere are dis-
played in Fig. 1b. It is found that the NENU-5 precursor
underwent a signicant weight loss of 19.47% from room
temperature to 147 �C, indicating the loss of H2O molecules
from the porous structure. When the degradation temperature
was further increased to 443 �C, a weight loss of 29.12% was
observed between 147 �C and 443 �C due to the composition of
metal–organic frameworks as well as PMo12; meanwhile, MoO3

formed. As the temperature increased, oxygen molecules were
removed by combining with the pyrolysis carbon and phos-
phorous; at the same time, Mo(VI) turned into Mo(IV) and MoO3

reduced to MoO2 which is relatively stable at high temperatures.
However, as the carbonization temperature as well as time
increased, for example, molybdenum carbide would be formed
at 800 �C for 5 h.35 Therefore, we managed to obtain MoO2

nanoparticles embedded in the porous carbon matrix by
keeping the carbonization temperature at 600 �C for 5 h.

Aer thermal decomposition and thereaer etching treat-
ment, the porous MoO2@C nano-octahedrons were investigated
by FESEM and TEM. A FESEM (Fig. 2a) micrograph states clearly
that the morphology of the precursor is well maintained, and
the rough surface (see ESI, Fig. S4†) comes into being with the
release of gaseous molecules, such as CO2 and H2O, during the
thermal treatment. Fig. 2b displays a typical TEM image of
porous MoO2@C nano-octahedrons, and the sharp contrast
indicates that ultrane MoO2 nanoparticles are homogeneously
distributed in the porous carbon skeleton.
Fig. 1 (a) FESEM images of NENU-5 and (b) TGA-DSC curves of the NE

This journal is © The Royal Society of Chemistry 2016
The phase, chemical composition and local structure infor-
mation of the products can be revealed by X-ray diffraction
(XRD), Raman spectroscopy, and X-ray photoelectron spectros-
copy (XPS). Fig. 3a shows the XRD pattern of the as-prepared
MoO2@C nano-octahedrons. It appears different from the
pattern of the MoO2 in the standard card due to the peak
broadening effect aroused by small-size grains. Nevertheless,
the main diffraction peaks can be indexed to the monoclinic
MoO2 phase (JPCDS card no. 32-0671). The broadened diffrac-
tion peaks indicate the nano-crystalline characteristics of MoO2,
which is uniformly distributed in the porous octahedral carbon
matrix. Fig. 3b shows the Raman spectrum of MoO2@C nano-
octahedrons. The two obvious peaks at around 1352 and 1580
cm�1 were observed, corresponding to the disordered carbon
(D-band) and the ordered graphitic carbon (G-band), respec-
tively. Alternatively, the intensity of the G-band is obviously
stronger than that of the D-band, which suggests a high degree
of graphitization of the carbon in the products. This would be
favorable to improve the electrical conductivity of the as-
prepared sample. Besides, the survey spectrum of MoO2@C
demonstrates the existence of C, Mo and O elements (see ESI,
Fig. S5a†).

The texture and porosity of the as-made sample were quanti-
ed by measuring the nitrogen adsorption isotherm at 77 K
(Fig. 3c). It exhibits typical type-IV features of absorbents with aH2
hysteresis loop. According to the Brunauer–Emmett–Teller (BET)
method, the specic surface area was estimated to be 485 m2 g�1,
which is higher than those of previously reported hybrid struc-
tures of MoO2 and carbon (see ESI, Table S1†). And such a large
specic surface area signicantly facilitates the enhancement of
the performance of LIBs. In addition, the pore size distribution
curve (Fig. 3d) obtained using the Barrett–Joyner–Halenda (BJH)
NU-5 in N2.

J. Mater. Chem. A, 2016, 4, 12434–12441 | 12437
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Fig. 3 (a) The XRD pattern, (b) Raman spectrum, (c) nitrogen adsorption isotherm at 77 K, and (d) the pore size distribution calculated using the
BJH equation from N2 adsorption.
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method indicates a mesopore distribution concentrated at
approximately 20 nm and an average pore size of 5.3 nm. On the
basis of previous studies, a pore size of 2–10 nm facilitates rapid
electrolyte transfer because the nanopores and interconnections
provide more favorable pathways for ion penetration and trans-
port.26 Therefore, the as-prepared porous MoO2@C nano-octahe-
drons are suggested to be an excellent anode material for LIBs.

The high-resolution TEM (HRTEM) image (Fig. 4a) taken
from the edge of the MoO2@C further demonstrates that MoO2

particles are well-dispersed in the porous carbon matrix (see
ESI, Fig. S6†). An obvious boundary of carbon labeled by an
ellipse indicates that the whole MoO2@C nano-octahedrons are
wrapped by a thin carbon layer with an average size of 12 nm.
Fig. 4 (a–c) HRTEM images and (d–f) EDS mapping of MoO2@C
nano-octahedrons.

12438 | J. Mater. Chem. A, 2016, 4, 12434–12441
This in situ formed carbon layer not only enhanced the
conductivity but also buffered the large volume variation during
the Li+ insertion and extraction process which leads to signi-
cant improvement in the cycling stability. Moreover, the MoO2

nanoparticles labeled by a circle are distributed uniformly in
the carbon matrix. A lattice spacing of 0.34 nm was measured
and is shown in Fig. S7 (see ESI†), which is consistent with the
d spacing of the (�111) planes of MoO2. Fig. 4d–f further give
typical TEM energy dispersive spectrometry (EDS) elemental
mapping images of a single MoO2@C nano-octahedron,
evidently revealing the extremely homogeneous distribution of
C, O and Mo species in the whole MoO2@C nano-octahedron.

The electrochemical performances of the porous MoO2@C
nano-octahedrons have been evaluated in lithium half-cells.
Fig. 5a shows the rst three cyclic voltammetry (CV) curves of
MoO2@C at room temperature between 0.0 and 3.0 V at a scan
rate of 0.1 mV s�1. In the rst cathodic polarization process,
a weak reduction peak at approximately 1.16 V was observed
probably as a result of the phase transition from the ortho-
rhombic phase to the monoclinic phase upon lithium inser-
tion.38 A wide peak at around 0.6 V can be attributed to the
irreversible reduction of the electrolyte and the formation of
a solid electrolyte interface (SEI) layer. A wide oxidation peak at
around 1.36 V and a sharp peak at 1.56 V were observed. In the
next two cycles, only a pronounced pair of reduction and
oxidation peaks (1.13/1.40 V) was found from the overlapping
curves. Different from the reports of Zhou et al.,39 the peaks
were wide and not sharp, which may be attributed to the role of
the carbon matrix.31

The cycling performance of the as-made MoO2@C anode
materials at a current density of 100 mA g�1 is presented in
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) Cyclic voltammetry measurements on MoO2@C during the first three cycles. The voltage range was from 0.0 to 3.0 at a scan rate of 0.1
mV s�1. (b) Cycle-life performance of MoO2@C and carbon matrix. (c) Discharge–charge curves of MoO2@C. The cell was tested for 50 cycles
between 0.1 mV and 3.0 V at a density of 100 mA g�1. (d) Rate capability test for the MoO2@C at various current densities (100–1000 mA g�1).
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Fig. 5b. Aer 5 cycles, the sample displays a stable cycling
performance up to 50 cycles. And 1442 mA h g�1 was retained
aer 50 cycles. Even at a current density of 1 A g�1, the as-
prepared MoO2@C electrode material shows excellent cycling
stability and 443.8 mA h g�1 was held aer 850 cycles (see ESI,
Fig. S8†). We also tested the capacity of the carbonmatrix which
provided a reversible capacity of 402 mA h g�1 aer 30 cycles at
a current density of 100 mA g�1. Fig. 5c displays the represen-
tative galvanostatic charge/discharge curves of MoO2@C within
a cutoff window of 0.01–3.0 V at a current density of 100 mA g�1.
The rst discharge and charge capacities of the MoO2@C elec-
trode are 2936.8 and 1610.1 mA h g�1, respectively, giving an
initial coulombic efficiency of 54.8% (see ESI, Fig. S9†). The
relatively low initial coulombic efficiency can be attributed to
the irreversible capacity loss, including the formation of SEI
lms and decomposition of the electrolyte, which is common to
most of the anode materials. Besides, a large specic surface
area could also result in a low initial coulombic efficiency.40–43 In
the next cycle, a discharge capacity of 1648.9 mA h g�1 was
achieved, while the coulombic efficiency rapidly increased to
89.5%. Aer 10 cycles, nearly 100% coulombic efficiency was
achieved, and held for the following cycles. As shown in Fig. 5d,
the rate performance of MoO2@C was tested by cycling the cell
at various current densities. With the increase in current
density from 50 to 100, 200, 400, 800, 1000, 800, 400, 200, and
100 mA g�1, the capacity changed from 1450 to 1185.7, 945, 819,
611, 543, 613.2, 823.2, 1077.4, 1305.7 and 1489 mA h g�1,
respectively. Such excellent rate capacity and cycling perfor-
mance imply the good structural stability and electrochemical
reversibility of our porous MoO2@C nano-octahedrons.
This journal is © The Royal Society of Chemistry 2016
Moreover, as listed in Table S2 in the ESI,† the specic capacity
and cycling performance of our porous MoO2@C nano-octahe-
drons are comparable or even superior to those of MoO2/C
composites. The excellent electrochemical performance of
MoO2@C nano-octahedrons can be attributed to their unique
nanostructure.

Firstly, the small MoO2 nanoparticles (about 14 nm in
diameter) can provide a large surface area and numerous active
sites, which facilitate the reversible electrochemical reaction of
MoO2 with Li and also increase the active sites for Li+ storage.44

Importantly, the large surface area of MoO2 nanoparticles also
enlarges the contact area with the electrolyte, which is condu-
cive to rapid and extensive charge transfer between the elec-
trodes and electrolyte.45 Therefore, the specic capacity of
porous MoO2@C nano-octahedrons can be signicantly
improved. Also, the aggregation of porous MoO2@C octahe-
drons could form 3D dimensional clusters which are similar to
tunnel-like frameworks. According to our previous study,30 the
generated nanopores or tunnels could provide more active sites,
thus leading to an extra lithium storage capacity.

Secondly, as revealed by HRTEM (Fig. 4a), MoO2 nano-
particles are well dispersed in the carbon skeleton, which
provides a buffer environment. And MoO2 nanoparticles are
well isolated from each other by the carbon matrix. Therefore,
the aggregation of adjacent MoO2 nanoparticles can be avoided.
Since the cycling performance of MoO2 nanoparticles depends
strongly on the degree of aggregation, and like other transition-
metal oxides, the aggregation of MoO2 nanoparticles usually
leads to irreversible deterioration in capacity.46 In this regard,
the isolation of MoO2 nanoparticles by the carbon matrix also
J. Mater. Chem. A, 2016, 4, 12434–12441 | 12439
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contributes signicantly to the excellent rate capacity and
cycling stability. The SEM and TEM images of porous MoO2@C
nano-octahedrons aer 50 cycles at a current density of 0.1
A g�1 and aer 850 cycles at a current density of 1 A g�1 clearly
show that the octahedral morphology could be well retained
(see ESI, Fig. S11†). This observation proves the superior
structural stability of porous MoO2@C nano-octahedrons and
indicates that the carbon matrix with good mechanical exi-
bility could provide sufficient space for large volumetric
expansion during lithiation and delithiation processes.

In addition, the highly porous structure of the as-prepared
MoO2@C nano-octahedrons can provide more active sites for
lithium ion storage. And adequate contact between the
MoO2@C electrode and electrolyte is ensured. The BJH pore size
distribution curve (Fig. 3d) shows a broad range of size distri-
bution and a mesopore distribution concentrated at approxi-
mately 20 nm. Such a mesoporous material facilitates rapid
electrolyte transfer as nanopores and inter-connections provide
more favorable pathways for ion penetration and transport.26

Accordingly, the specic capacity and rate capability of porous
MoO2@C nano-octahedrons are enhanced. Moreover, the
porous structures are capable of reducing the structure strain
and buffering the large volume change during the Li+ insertion
and extraction process, thus leading to signicant improvement
in the cycling performance of MoO2@C.47

Conclusion

In summary, we synthesized porousMoO2@Cnano-octahedrons
consisting of MoO2 nano-particles and carbon through direct
calcination of the POMOF (NENU-5) precursor and thereaer
etching treatment. The in situ generated carbon matrix provides
an enhanced electrical conductivity and avoids the volume
change during the discharge/charge process, which results in an
excellent electrochemical performance. Beneting from the
unique structure and compositions, including MoO2 nano-
particles, graphitic carbon matrix, and high porosity, the
MoO2@C nano-octahedrons exhibit excellent capacity and
cycling stability (1442 mA h g�1 aer 50 cycles at 100mA g�1 and
443.8 mA h g�1 aer 850 cycles at 1000 mA g�1). These results
demonstrate that such a kind of unique design is a successful
combination of graphitic carbon and MoO2 nanoparticles. In
this regard, this strategy is also suitable to design and prepare
metal oxide/carbon composite structures for application in high-
performance LIBs and supercapacitors as well as catalysts.
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