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carbon-coated SnO2

nanoparticles derived from a SnO2@MOF
composite as a lithium ion battery anode material†

Fengcai Li,‡a Jia Du,‡a Hao Yang,a Wei Shi *ab and Peng Cheng *abc

N-Doped-carbon-coated 2–4 nm SnO2 nanoparticles were synthesized via a facile metal–organic

framework (MOF) coating process followed by a calcination of the SnO2@MOF composite. The as-

prepared SnO2 nanoparticles are well dispersed and coated with a uniform nitrogenous carbon structure,

which can effectively prevent volume expansion during discharge and charge processes. Benefiting from

the advantages of a synergistic effect of SnO2 nanoparticles and carbon structure, these materials exhibit

excellent electrochemical performance. For the optimized material SOC-3, a reversible specific capacity

of 1032 mA h g�1 was maintained at 100 mA g�1 after 150 cycles with a coulombic efficiency of 99%.

When the current was increased to 500 mA g�1, a capacity of 600 mA h g�1 was still attained.
Introduction

Along with the rapid development of economy and society, the
energy crisis, the impending issue which restricts the progress
of modern society, urgently needs to be addressed. Recharge-
able lithium ion batteries (LIBs) have attracted great attention
due to the remarkable superiorities of high energy density, long
cycle life, excellent rate capability and environmental compati-
bility, which have been widely applied in cell phones, laptops
and other portable devices.1–6 The most widely used anode
material for LIBs is graphite, however, its theoretical capacity is
only 372 mA h g�1. Searching for superior capacity and high
cycling ability to substitute the traditional graphite anode
material has become a research hotspot. SnO2-based anode
materials have attracted great attention because of the high
theoretical capacity of 1494 mA h g�1, four times higher than
that of graphite.7 Meanwhile, the high abundance, low cost and
relative low charge–discharge plateau (0.6 V) also make them
attractive candidates for practical use.8,9 However, it is still quite
challenging to use these materials practically because: (1)
during the lithiation and delithiation processes, they may have
more than 200% volume change that destroy the structure; (2)
electrical conductivity is low, which reduces the electron
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transport; (3) during the initial lithiation process, poor initial
coulombic efficiency (CE) leads to additional cathode material
consumption.7–10 There are two common methods to make up the
deciencies of SnO2-based materials. One is to assemble active
materials into different nanostructures, such as nanowires,
nanobers, nanococoons, hollow spheres and so on.11–18 The low
dimensional nanostructures can effectively accommodate the
structure strain, and the large exposed surface can shorten the
diffusion distance of lithium ion, which is benecial to high rate
capability. The second one is to combine carbon structure with
SnO2.19–25 The carbon component can not only serve as a mechan-
ical buffer for the large volume change of the active materials, but
also increase the electrical conductivity of nanocomposites. The
most widely used carbon components are graphite8,13,20,23,24 and
CNTs.9,25 Usually the synthetic process of carbon coated materials
is complicated and required auxiliary reagents. In order to
combine carbon and active materials, some intricate methods
have to be performed, such as longtime ultrasonication treat-
ment,8magnetron sputtering,19 chemical vapor deposition (CVD),20

template method,21 electrospinning,22 freeze-drying.23

Metal–organic frameworks (MOFs) have attracted extensive
research interests because of their tunable porosities and versa-
tile functionalities,26–28 which have been well studied for the
potential applications in gas storage and separation, catalysis,
sensing, gas chromatography.29–33 Recently, by taking advantages
of the thermal behaviour of MOFs, hierarchically porous carbons
can be achieved.34–38 InMOFs, well-organized carbon components
from ligands can be used as sacricial templates to prepare
homogenous dispersion carbonaceous matrix or provide
a carbon coating on MO nanoparticles, which is well demon-
strated in LIBs.36–42 We have taken the advantages of pore struc-
tures and adsorption properties of MOFs to explore the potential
application in LIBs. For example, by carbonizing Ni-based metal–
This journal is © The Royal Society of Chemistry 2017
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View Article Online
organic framework (Ni-MOF-74) with adsorptive red phosphorus
precursors, NiP2@C nanocomposites were successfully synthe-
sized and exhibited excellent reversible capacity of 656 mA h g�1

at 50mA g�1 aer 50 cycles.41 SnO2@C nanocomposite exhibiting
a high reversible capacity of 900 mA h g�1 at 100 mA g�1 aer 50
cycles can be achieved from introducing hydrous Sn(II) ions into
HKUST-1's channels followed by calcination.42

In this contribution, a facile and timesaving method without
activation of MOFs was developed to combine MOF-derived
three-dimensional hierarchical porous N-doped carbon with
commercial SnO2 nanoparticles. The nal composite of SnO2@C
(SOCs) exhibits excellent performance as lithium ion batteries
anode. ZIF-8, a well-knownMOF, was chosen as carbon precursor
since the accessible and cheap synthetic materials and simple
synthetic route, as well as the N-doped carbon structures aer
calcination.43–45 The highly conductive N-doped carbon
constructs a three-dimensional (3D) backbone to facilitate the
charge transfer. In additional, SnO2 nanoparticles with the initial
size of 50–70 nm were adhered to ZIF-8 nanoparticles accompa-
nied by the formation of ZIF-8's structure, which greatly shorten
reaction scheme. Furthermore, the size of SnO2 nanocrystals was
reduced to 2–4 nm and the nanocrystals are well coated by N-
doped carbon structure aer calcination, which is benecial to
prevent the large volume change and shorten lithium ion diffu-
sion distance. The optimized SOC-3 composite achieved
a reversible specic capacity of 1032 mA h g�1 aer 150 cycles at
100 mA g�1, high coulombic efficiency of 99% aer 150 cycles
and excellent rate performance.
Experiment
Materials preparation

All the chemicals were of analytical grade and used directly
without further purication. Zn(NO3)2$6H2O was purchased
from Alfa, polyvinylpyrrolidone (PVP), 2-methylimidazole, SnO2

nanoparticles were purchased from Aladdin.
Synthesis of SnO2@ZIF-8 (SOZs). Zn(NO3)2$6H2O (6 g, 20

mmol) and PVP (2 g, 0.25 mmol) were dissolved in 200 mL
methanol solution, to give solution A; 2-methylimidazole (5.5 g,
57 mmol), SnO2 (0.3 g, 2 mmol), PVP (2 g, 0.25 mmol) were
dissolved in 150 mL methanol solution, to give solution B.
Slowly adding solution A into solution B and then the mixture
was ultrasonicated for 1 h. Aer washing the precipitation with
50 mL methanol twice, the product was dried at 100 �C for 12 h,
to give white precipitations SnO2@ZIF-8 (SOZ-1). Other two
SOZs (SOZ-2 and SOZ-3) were synthesized following the above
methods except the amounts of SnO2 were 0.5 or 0.8 g
(3.3 mmol, 5.3 mmol), respectively.

Synthesis of SnO2@C (SOCs). The as-synthesized three SOZs
were annealed in Ar atmosphere at 800 �C for 3 h. Aer cooling
to room temperature, black composites SnO2@C (SOC-1, SOC-2
and SOC-3) nanoparticles were obtained.
Materials characterization

Elemental analysis (EA) were measured on a PerkinElmer 2400-
II CHNS analyzer. Powder X-ray diffraction (PXRD) were
This journal is © The Royal Society of Chemistry 2017
performed on a Rigaku Ultima IV instrument with Cu-Ka radi-
ation (l ¼ 1.54056 Å), with a scan speed of 5 �C min�1 in the 2q
range of 3–90�. Thermo gravimetric analysis (TGA) was carried
out using a NETZSCH STA 449 F3 TG-DSC analyser with
a heating rate of 10 �C min�1 in air/Ar from room temperature
to 800 �C. The morphology and microstructure were examined
by scanning electron microscopy (SEM, JEOL JSM7500) and
transmission electron microscopy (TEM, JEOL-2100F, 200 kV).
The Raman spectrum was recorded on a Bruker RFS Raman
spectrometer using laser excitation at 514.5 nm from an argon
ion laser source in the range 3500–100 cm�1.
Electrochemical measurements

The typical working electrode was prepared by mixing active
materials with conductive materials (ketjen black) and polymer
binder (poly (vinylidene uoride) or PVDF) in a weight ratio of
8 : 1 : 1 to make slurry with 1-methyl-2-pyrrolidinone (NMP).
The mixture was coated on the copper foil current collector, and
then dried at 100 �C for 12 h in a vacuum oven. The coin-type
cells were assembled in an argon-lled glove box with water
and oxygen content below 0.1 ppm. Lithium metal served as
counter and reference electrodes. 1 M LiPF6 dissolving with
ethylene carbonate (EC) and dimethylcarbonate (DMC) (1 : 1 in
volume) was used as electrolyte with Celgard 2400 membrane as
the separator. The galvanostatic charge–discharge cycling
performance was measured in the potential range of 0.01–3.0 V
on a LAND-CT2001A battery tester in a temperature and
humidity controlled thermotank. Cyclic voltammetry (CV) tests
were carried out on a PARSTAT 4000 electrochemical worksta-
tion with a scan rate of 0.1 mV s�1.
Results and discussion

As illustrated in Scheme 1, the SnO2 nanoparticles can be
effectively anchored on the surface of ZIF-8 in ultrasonication
synthesis process, and the nal products were obtained by
annealed precursors.

SEM was carried out to identify precursors' micro-
morphology and structures. By introducing three different
proportions of the raw materials, ZIF-8 was gradually connected
with increasing amounts of SnO2 nanoparticles (Fig. S1†). PXRD
was performed to verify the specic crystalline nature and phase
purity of SOCs in the 2q range of 3–90� (Fig. 1). The diffraction
peaks of SOZs suggested the same crystalline structure with
intensity variations, which could be indexed to SnO2 and ZIF-8
without any impurities. The thermal behaviours of SOZs and
ZIF-8 were studied using TGA in Ar atmosphere (Fig. S2†). The
nal products were obtained by annealing SOZs at 800 �C in
a combustion boat of a tube furnace under an argon gas ow for
3 h. As for SOC-1 and SOC-2, all the PXRD peaks could be
indexed to tetragonal Sn nanoparticles (JCPDS no. 4-673) and
tetragonal SnO2 nanoparticles (JCPDS no. 21-1250). The Sn
nanoparticles may be classied as by-product of carbon thermal
reduction SnO2 (Fig. S3†). As shown in Fig. 2a, all PXRD peaks of
SOC-3 are well in accordance with the tetragonal SnO2 (JCPDS
no. 21-1250) phase, and no diffractions from the Sn phase could
RSC Adv., 2017, 7, 20062–20067 | 20063
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Scheme 1 Schematic illustration of the synthesis of SOCs composite.
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View Article Online
be observed, implying the formation of a pure SnO2 phase. The
carbon structure in the SnO2@C composite was further studied
by Raman spectroscopy. For SOC-3, a lower at peak at 1361.8
cm�1 and a higher sharp peak at 1580.1 cm�1 were observed,
which can be attributed to the typical D band and G band of
carbon (Fig. 2b). The G band is the result of a radial C–C
stretching mode of sp2-bonded carbon, and the G bond is from
a rst-order zone boundary phonon mode associated with
defects in the graphene or graphene edge.20,41,46 Because the
height of the G band is higher than that of D band, this carbon
material is of low defect density, which is benecial for electron
transfer. Raman peak for initial SnO2 nanoparticles and SOC-3
were also tested to identify structural change (Fig. S4†).47–50 The
Raman spectrum change of the initial SnO2 and SOC can also
give valuable information about the particle size reduction. In
initial SnO2, the Raman peak around 633 cm�1 can be assigned
to A1g vibration, and the peak around 471 cm�1 is due to Eg

vibration. The corresponding peaks can be observed at 616
cm�1 and 469 cm�1 in SOC-3. These peaks can conrm that
SnO2 in our materials possess the tetragonal rutile structure.49,50
Fig. 1 PXRD of the as-prepared ZIF-8 and SOZs.

20064 | RSC Adv., 2017, 7, 20062–20067
The other two materials, SOC-1 and SOC-2, also show a higher
graphitization degree (Fig. S5†). The proportions of carbon and
SnO2 nanoparticles in SOCs were studied and conrmed by TGA
in air atmosphere (Fig. S6†) and EA (Table S1†).

SEM was used to further examine the morphology and
nanostructures of SOCs, as shown in Fig. 2c and S7.† Aer
calcination, SOCs inherited the original morphology of SOZs.
The surface of SOCs is very rough, which is benecial to not only
work as a cushion to buffer the volume change of SnO2 nano-
particles during the charge–discharge processes, but also
facilitate rapid electron transfer and provide more reaction sites
during the cycling process. The carbon, tin, and nitrogen
element mappings reveal the homogeneous distribution of
SnO2 nanoparticles in nitrogenous carbon structure. The
combination of nitrogenous carbon skeleton and SnO2 nano-
particles can prevent the agglomeration of SnO2 nanoparticles
generated during lithiation. HRTEM image of SOC-3 showed
very small SnO2 nanoparticles with size of 2–4 nm, surrounded
by nitrogenous carbon (Fig. 2d). The well-dened lattice fringe
of 0.33 nm corresponds to the (110) plane of SnO2.
Fig. 2 PXRD (a), Raman spectrum (b), SEM image (c) and TEM image
(d) of SOC-3.

This journal is © The Royal Society of Chemistry 2017
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The SOCs were studied as anode materials for LIBs. Fig. 3a–c
showed discharge–charge curves of the three different materials
at a current of 100 mA g�1 with a voltage window of 0.01–3.0 V
(vs. Li/Li+). SOC-1 exhibited a discharge capacity of 1390 mA h
g�1 and a corresponding charge capacity of 910 mA h g�1 for the
rst cycle. SOC-2 showed a discharge capacity of 1270 mA h g�1

and a charge capacity of 885 mA h g�1 for the rst cycle. For
SOC-3, the initial discharge and charge capacities were 1650
and 1050 mA h g�1, respectively, all the three materials revealed
initial coulombic efficiency of less than 70%, due to the
incomplete conversion involved in the formation of the solid
electrolyte interphase (SEI) and the decomposition of the elec-
trolyte.18,51,52 From the second cycle, the coulombic efficiencies
were all nearly 99%, demonstrating good reversible electro-
chemical property. Aer 150 cycles at a current of 100 mA g�1,
these materials exhibited steady performances of 585, 823 and
1058 mA h g�1 for SOC-1, SOC-2 and SOC-3, respectively
(Fig. 3d). SOC-3 exhibited the best cyclic stability and the
highest capacity among the three SOCs due to the high struc-
tural stability originated from the uniform distribution of SnO2

nanoparticles in nitrogenous carbon skeleton. The SOC-3 elec-
trode shows excellent rate performance (Fig. 3e). As the current
densities vary from 50 to 100, 200, and 500 mA g�1, the average
specic capacities of 1050, 840, 720 and 600 mA h g�1 of SOC-3
can be maintained. The capacity of 806 mA h g�1 was regained
when the current density was reduced to 50 mA g�1. We have
also tested its lithium storage performance at 2 A g�1 (Fig. S8†).
And the higher current surge in 0.5 A g�1 for SOC-3 was lasted
for 100 cycles with a capacity of 459.4 mA h g�1 (Fig. S9†), due to
the aggregation of SnO2 nanoparticles (100–500 nm) under the
current density of 500 mA g�1 (Fig. S10†). The rate capabilities
of the other two materials were similar and shown in Fig. S7.†
Fig. 3 Charge–discharge curves of the electrodes made of SOC-1 (a), SO
coulombic efficiencies (*) of SOCs at 100mA g�1 in 150 cycles; (e) rate p
rate of 0.1 mV s�1 in the range of 0.01–3.0 V.

This journal is © The Royal Society of Chemistry 2017
Cyclic voltammetry (CV) was used to investigate the reac-
tion mechanism of SOC-3 between the charge and discharge
cycles at a scanning rate of 0.1 mV s�1 in the voltage range of
0.01–3.0 V (Fig. 3f). In the rst cathodic sweep process, there
are two irreversible broad peaks at 0.57 and 0.75 V, due to the
decomposition of SnO2 to form Sn and the formation of a solid
electrolyte interphase. Both of them were disappeared in the
second cycle. The obvious peak around 0.24 V in the second
cycle is due to the formation of Li–Sn alloy. The broad peak at
0.85 V corresponds to the reduction of SnO2 to Sn and Li2O. In
the anodic sweep process, the strong peak at 0.57 V can be
ascribed to the forming of LixSn alloy through lithium alloying
with tin and broad peak at 1.24 V corresponds to LixSn alloy
and Li2O transforming into SnO2. This CV behaviour is well
consisted with the SnO2-based anode materials.7,17,20,42 The
electrochemical reaction mechanism of Li with SnO2 in
lithium ion batteries can be described in the following
equations:

4Li+ + 4e� + SnO2 4 2Li2O + Sn

xLi+ + xe� + Sn 4 LixSn (0 # x # 4.4)

The electrochemical impedance spectra (EIS) of SOC-3 aer
100th cycling was further studied at frequencies from 100 kHz
to 0.01 Hz (Fig. S11†). The charge transfer resistance (the
diameter of the semicircle) decreases aer 100th cycling, indi-
cating the rst several cycles are the electrode activation process
and decrease the impedance value of SnO2@C electrode, which
resulted in signicant improvement in the rate performance
and kinetics of the reaction upon cycling.19,41
C-2 (b) and SOC-3 (c) at 100 mA g�1; (d) cyclic performances (,) and
erformance of SOC-3; (f) cyclic voltammetry curves of SOC-3 at a scan

RSC Adv., 2017, 7, 20062–20067 | 20065
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In comparison with other SnO2-based anode materials for
LIBs (Table S2†), the facile synthetic route through short time
ultrasonication without activation of MOFs to form SOZs and
one-step pyrolysis of SOZs to form SOCs greatly shorten the
reaction steps and energy cost. The synergistic effect of the 2–
4 nm SnO2 nanoparticles aer calcination and the porous
nitrogenous carbon structure allow our materials presents the
high electrochemical performance.42,53–68
Conclusion

In summary, we have synthesized high performance SnO2@C
anode materials for LIBs. A straightforward strategy using
unactivated metal–organic frameworks as a sacricing template
to produce nitrogenous carbon coating SnO2 nanoparticles was
demonstrated. By regulating the reaction conditions, the opti-
mized SOC-3 exhibited a high reversible specic capacity of
1032 mA h g�1 aer 150 cycles at 100 mA g�1. The key factors
governing the electrochemical performance are: (1) homoge-
neous dispersed SnO2 nanoparticles can provide a high capacity
and stability; (2) porous nitrogenous carbon structure derived
from the ligands can effectively cushion the volume change of
SnO2 particles during lithium ion insertion–removal; (3) the
calcined products of SnO2 nanoparticles exhibit a smaller
particle size than the precursor, which can shorten the diffusion
length of lithium ion. Our work presents a facile method to
simultaneously reduce the size of SnO2 nanoparticles and
combine SnO2 and nitrogenous carbon together, which could
be expanded to other systems of nanomaterials.
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