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a  b  s  t  r  a  c  t

Sodium-ion  batteries  (SIBs)  have  successfully  attracted  considerable  attention  for  application  in energy
storage,  and have  been  proposed  as  an  alternative  to lithium  ion  batteries  (LIBs)  due  to  the  abundance  of
sodium  resources  and  low  price.  Sn has  been  deemed  as  a promising  anode  material  in  SIBs  which  holds
high  theoretical  specific  capacity  of  845  mAh  g−1. In  this  work  we  design  nanocomposite  materials  con-
sisting  of porous  carbon  (PC)  with  SnO2 and  Sn  (Sn/SnO2/PC) via  a facile  reflux  method.  Served  as an  anode
material  for  SIBs,  the Sn/SnO2/PC  nanocomposite  delivers  the  primary  discharge  and  charge  capacities

−1

nO2

orous carbon
node materials
lectrochemical performance
odium-ion batteries

of  1148.1  and  303.0  mAh  g , respectively.  Meanwhile,  it can  preserve  the  discharge  capacity  approxi-
mately  of 265.4  mAh  g−1 after  50 cycles,  which  is much  higher  than  those  of SnO2/PC  (138.5  mAh  g−1)  and
PC  (92.2  mAh  g−1). Furthermore,  the  Sn/SnO2/PC  nanocomposite  possesses  better  cycling  stability  with
77.8%  capacity  retention  compared  to  that  of SnO2/PC (61.88%)  over  50 cycles.  Obviously,  the  Sn/SnO2/PC
composite  with  excellent  electrochemical  performance  shows  the great  possibility  of application  in SIBs.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Currently, a series of environmental pollution and energy cri-
is have led to the urgent requirement for green and renewable
nergy sources. Among of them, lithium ion batteries (LIBs) with
igh working voltage, high energy capacity, and long cycle life con-
uer the portable electronic markets, and have become the primary
hoice of energy storage in electric vehicles (EVs) and hybrid elec-
ric vehicles (HEVs). However, the global lithium resources will not
e effective in meeting the huge demands of LIBs, which will further

nflate the prices of materials associated with lithium, increase the

ost of the batteries and eventually hinder the development of new
nergy industry. Therefore, it is significant to explore an alternative
ost-effective energy storage technology.

∗ Corresponding authors at: Tianjin International Joint Research Centre of Surface
echnology for Energy Storage Materials, College of Physics and Materials Science,
ianjin Normal University, Tianjin 300387, China
∗∗ Corresponding author.

E-mail addresses: xfli2011@hotmail.com (X. Li), dejunli@mail.tjnu.edu.cn (D. Li),
sun9@uwo.ca (X. Sun).

ttp://dx.doi.org/10.1016/j.apsusc.2017.03.203
169-4332/© 2017 Elsevier B.V. All rights reserved.
The development of sodium ion batteries (SIBs) can be traced
back to the late 1980s along with the emergence of LIBs [1]. Cur-
rently, much effort has been devoted to researching SIB energy
storage system. Remarkably, SIBs possess three obvious advantages
over LIBs: (i) raw material is abundant with low cost and wide dis-
tribution; (ii) sodium precursors are more environmentally friendly
compared to lithium [2]; (iii) SIBs reveal relatively stable elec-
trochemical performance with high safety performance. However,
some intrinsic drawbacks still exist in SIBs, for instance, the relative
atomic mass of sodium is much higher than that of lithium, leading
to relatively low theoretical specific capacity. Moreover, the radius
of Na+ is larger than that of Li+, which results in the difficulties
of electrode reaction kinetics. Unfortunately, the anode materials
of typical graphitic carbons utilized in LIBs can barely intercalate
Na+ ions. Undoubtedly, one of the most important challenges in the
research of SIBs is the design of suitable electrode materials.

At present, a large number of anode materials have been pro-

posed for SIBs, such as Sn [2–6], Sb [2,5,7], SnS [5,7], SnS2 [3], SnO2
[3,4,6,8–10], TiO2 [10], MoS2 [1]. Of which, SnO2 has been exten-
sively studied due to its low cost, large reserves, high theoretical
capacity, and good safety. Previously, researchers have designed

dx.doi.org/10.1016/j.apsusc.2017.03.203
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.03.203&domain=pdf
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Scheme 1. Schematic illustration for the synthesis process of Sn/SnO2/PC and SnO2/PC.
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Fig. 1. (a) XRD patterns of (i) pristine PC, (ii) SnO2

arious SnO2-based anode materials for SIBs, such as SnO2@RGO
9] and SnO2@CNT [4]. For example, carbon coated SnO2 materials
ynthesized via a hydrothermal process revealed obvious capacity
ade and only maintained 100 mAh  g−1 after 50 cycles for SIBs [11].
ia an in-situ hydrothermal method, the SnO2/nitrogen-doped
raphene nanohybrids (SnO2/NG) delivered reversible capacity of
80 mAh  g−1 in the 50th cycle at a current density of 20 mA g−1 for
IBs [10]. More interestingly, Sn-based materials hold higher theo-
etical reversible capacity of 847 mAh  g−1 [4], and numerous means
ave been reported to compose Sn-based nanocomposites [12–14].
ne CVD method was adopted to synthesize Sn@C nanospheres
s SIBs anode materials [15]. Unfortunately, its specific capac-
ty dropped to 52 mAh  g−1 after 50 cycles at a current density of
0 mA  g−1 due to large volume expansion. To address the obvi-
us capacity fading, the Sn/SnO2/C composites with well-designed
tructure were fabricated where Sn and SnO2 nanoparticles were
ncapsulated in a carbon matrix. As a result, the composites dis-
layed superior cycling stability and rate capability compared to
nO2/C and Sn/C. The enhanced sodium storage performance of
n/SnO2/C anode is attributed to the synergistic effect provided
y Sn, SnO2 and unique core-shell structure. Meanwhile, the car-
on matrix could act as a buffer to accommodate the volume
hange effect [14]. In addition, one similar structure of sandwich-
ike CNTs@SnO2/SnO/Sn materials was reported to deliver superior

lectrochemical performance as anode materials for LIBs [4]. The
uperior electrochemical performance of Sn/SnO2 nanocompos-
tes suggests that it may  be a promising anode material for SIBs.
owever, the extreme volume expansion of Sn needs to be accom-
Temperature ( C)

nd (iii) Sn/SnO2/PC; (b) TGA curve of Sn/SnO2/PC.

modated. As far as we know, both graphene and carbon nanotubes
are excellent matrices to overcome the aforementioned challenges,
while high cost restricts their practical application. By compari-
son, porous carbon (PC) is a preferable choice to be the assist of
the Sn/SnO2 anode which can attribute to its outstanding buffering
effect, higher electronic conductivity [6], and largely increase of the
active surface area [16–18].

In this study, a Sn/SnO2/PC nanocomposite was successfully
synthesized through a facile reflux method. Meanwhile, PC was
obtained using pine cones as a low cost carbon source. It is believed
that the PC matrix may  further increase electrochemical perfor-
mance of the Sn/SnO2 anode materials for SIBs.

2. Experiments

2.1. Synthesis of PC

PC was synthesized by nature pineal gland. Firstly, the pineal
gland (pine) were cleaned by deionized water and dilute hydrochlo-
ric acid under magnetic stirring for 3 h, and subsequently dried in
the oven at 80 ◦C for two  days. Afterwards, the dried pineal gland
was put in the muffle furnace to pre-carbonize at 350 ◦C for 4 h in
air at the rate of 4 ◦C min−1. Next, 1.0 g carbon sample and 5.0 g KOH
solid were dissolved in deionized water with ultrasonic stirring for

24 h. Subsequently, the obtained sample was heated in annealing
furnace tube at 750 ◦C for 1.5 h in Ar environment. Finally, the post-
annealing product was  put into hydrochloric acid to remove the
residual KOH. PC was obtained via freeze – drying.
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Fig. 2. Typical SEM images of (a, b) PC, (c, d) SnO2/PC, (e,

.2. Synthesis of Sn/SnO2/PC nanocomposites

The synthesis processes of Sn/SnO2/PC and SnO2/PC were
llustrated in Scheme 1. In general, 81 mg  SnCl2·2H2O (Tian-
in Fengchuan Chemical Reagent Science And Technology Co.,
td. ≥ 98.0%) was firstly dispersed in 50 mL  ethanol (Tianjin Jiang-
ian Chemical Technology Co., Ltd.) under vigorous magnetic

tirring for 0.5 h. At the same time, 38 mg  PC was dispersed in
0 mL  ethylene glycol by ultrasonication for 0.5 h and placed in a
00 mL  three-neck flask, followed by heating at 100 ◦C in an oil bath.
fterwards, the SnCl2-ethanol solution was transferred to the PC-
SnO2/PC; HRTEM images of (g) SnO2/PC, (h) Sn/SnO2/PC.

ethylene glycol solution dropwise and refluxed at 100 ◦C for 12 h.
The resultant product was separated and cleaned with ethanol and
deionized water for several times. The product was dried at 80 ◦C
for 10 h in the oven. Ultimately, the Sn/SnO2/PC nanocomposites
were obtained via calcination in an argon atmosphere at 500 ◦C
for 3 h in the tube furnace. The preparation process of SnO2/PC
nanocomposites was similar to that of the Sn/SnO2/PC, but 50 mL

ethylene glycol was replaced by 50 mL  deionized water. The pris-
tine PC was obtained by treating PC using the same method without
the introduction of SnCl2·2H2O.
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Fig. 3. (a) Element proportional and SEM image of Sn/SnO2/P

.3. Physical characterization

The as-prepared materials were characterized by X-ray diffrac-
ion (XRD, DX-2700) with Cu-K� radiation (� = 1.5405 Å), and the
ata was collected between scattering angles (2�)  of 5–80◦ at

 scanning rate of 8◦ min−1. The PC contents in the compos-
tes were confirmed via thermogravimetric analysis (TGA, Pyris
iamond6000 TG/DTA, PerkinElmer Co, America). The morpholo-
ies and structure of products were characterized with scanning
lectron microscopy (SEM, SU8010, Hitachi) and high-resolution
ransmission electron microscopy (HRTEM, JEOL JEM-3000F). The
nergy dispersive spectroscopy (EDS) was recorded at 20 kV.

.4. Electrochemical characterizations

The working electrodes were prepared by casting the
lurry (70 wt% active material, 20 wt% conductive carbon black,
nd 10 wt% polyvinylidene fluoride (PVDF) in an N-methyl-2-
yrrolidene (NMP) solvent on copper foil. Afterwards, the working
lectrodes were dried overnight at 80 ◦C under vacuum. The elec-
rodes were punched into 12 mm disks in diameter. 10 pieces of
opper foils with the size of 12 mm in diameter were weighed
sing a high resolution balance (0.01 mg), and the average weight
f each copper foil was calculated to be 9.8 mg.  Then the mass
f active material was calculated using a conventional algorithm,
amely, the electrode weight of Sn/SnO2/PC nanocomposites sub-
racts the average weight of the copper foils, and the 70% of the
alculated result is the mass of Sn/SnO2/PC. Based on this value,
he specific capacity of the Sn/SnO2/PC nanocomposites may  be
alculated. In the argon-filled glove box, the coin cells were assem-

led with oxygen and moisture levels less than 0.1 ppm. A sodium
heet was used as the counter electrode and reference electrode.

 solution of 1 M NaClO4 dissolved in ethylene carbonate (EC) and
ropylene carbonate (PC) at a volume ratio of 2:1 accompany with
 elemental mapping of (b) O, (c) Sn, and (d) C of Sn/SnO2/PC.

the addition of 10 vol% fluoroethylene carbonate (FEC) was used
for the electrolyte. 2032 type coin cells were utilized to evaluate
the electrochemical performance of the as-prepared anode materi-
als. Cycling performance and rate capability were galvanostatically
tested in the voltage range of 0.01–3.0 V (vs. Na/Na+) at various cur-
rent densities by a Land batteries test system (LANHE CT2001A).
Electrochemical impedance spectroscopy (EIS) was carried out at
an amplitude of 5 mV  over the frequency range from 100 kHz to
0.01 Hz. Cyclic voltammetry (CV) was  tested at the scanning rate
of 0.1 mV s−1 in the voltage range of 0.01–3.0 V. Both of them were
carried out using a Princeton Applied Research VersaSTAT4 elec-
trochemical workstation.

3. Results and discussion

Fig. 1a displays the X-ray diffraction (XRD) patterns of as-
prepared samples. It is clear that the pristine PC displays (002)
and (100) diffraction peaks. The diffraction peaks of SnO2/PC mate-
rial centered at 2� = 26.58◦, 33.87◦, 51.77◦, and 65.96◦ correspond
to (110), (101), (211), and (301) crystal planes of SnO2 (JCPDS
No. 71-0652), respectively, which are extremely similar to those
of previous reports [1,6,19–22]. In addition to SnO2 diffraction
peaks, Sn/SnO2/PC reveals the characteristic peaks of Sn. Two  sharp
diffraction peaks located at 30.63◦, 32.01◦ and a weak peak centered
at 44.89◦ can be seen clearly, which are interrelated to (200), (101),
and (211) crystal planes of Sn (JCPDS No. 78-0210), respectively.
These observations suggest the successful incorporation of Sn and
SnO2 into PC material. The thermogravimetric analysis (TGA) of
Sn/SnO2/PC was measured in air. As shown in Fig. 1b, one can see
an obvious weight loss between 350 ◦C and 650 ◦C, which could

attribute to the decrease of PC. Therefore, it is estimated that the
loading of PC is about 46 wt%.

Fig. 2a and b shows SEM images of the PC. In Fig. 2a, the large,
porous cavities can be observed on the surface of the material that
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ig. 4. The CV curves of (a) pristine PC, (b) SnO2/PC, and (c) Sn/SnO2/PC at a scan r
ristine PC, (e) SnO2/PC, and (f) Sn/SnO2/PC in the 1st, 5th, 10th, 25th, and 50th cyc

roves the formation of PC. At high magnification (see Fig. 2b), it is
pparent that the pore size of PC is around 500 nm.  The morpholo-
ies of SnO2/PC are displayed in Fig. 2c and d. It can be observed
hat SnO2 particles are evenly dispersed in the PC. Fig. 2e and f sug-
est that Sn and SnO2 particles are scattered inside of PC. Fig. 2f
urther reveals that both Sn and SnO2 are well-distributed with
he PC material. Moreover, the successive lattice fringe of SnO2/PC
s distinctly viewed in Fig. 2g, displaying that the SnO2 particles
re crystallized. The lattice spacing of 0.336 nm corresponds to the
110) plane of SnO2. Additionally, the lattice image in Fig. 2h reveals
attice spacings of 0.279 and 0.291 nm,  which correspond to the
101) and (200) crystal planes of Sn, respectively. These results are
n good agreement with the XRD analysis and further confirm that
he Sn/SnO2/PC is successfully fabricated via our proposed method.
s shown in Fig. 3, the elements of Sn/SnO2/PC are confirmed by

DS, which certifies the uniform distribution of O, Sn, and C in the
anocomposites without other impurities.

Cyclic voltammetry (CV) of PC, SnO2/PC and Sn/SnO2/PC anodes
as executed to examine the electrochemical behavior of sodium
 0.1 mV s−1 in the voltage range of 0.01–3.0 V; The discharge/charge profiles of (d)

storage at the scanning rate of 0.1 mV  s−1 in the voltage range of
0.01–3.0 V. Fig. 4a displays the typical electrochemical behavior of
pristine PC for SIBs. In the first discharge process, there is a peak
centered at 1.25 V due to the formation of solid electrolyte inter-
phase (SEI). In comparison with PC, the CV curves of SnO2/PC and
Sn/SnO2/PC anodes are similar, as shown in Fig. 4b and c. Clearly,
there are different peaks in the first cycle compared to the succeed-
ing cycles during the Na+ insertion/extraction. The cathodic peaks
of SnO2/PC and Sn/SnO2/PC appear at around 1.25 V, which can be
attributed to the SEI layer formation as well as the electrochemi-
cal reaction of SnO2 with Na forming the Sn and Na2O by Eq. (1)
[24]. Nevertheless, in the following scans, the cathodic peaks dis-
appear due to the irreversible reactions. Another reductive peak
positioned at around 0.5 V is assigned to the formation of Na3.75Sn
with adsorption of Na+ on the porous carbon by Eqs. (2) and (3)

[22]. The peak position was not obvious, and it might be due to
high content of porous carbon in the nanocomposites. Meanwhile,
it can be seen that the CV profiles in the second and third cycles
almost overlap, indicating good cycle reversibility. Furthermore,
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urves.

uring charging process, the anodic peaks are recognized clearly
round at 0.5 V and 1.5 V, which indicate the phase transition of
a-Sn alloying to Sn. Meanwhile, it can be seen that the second
nd third cycles almost overlap, indicating good cycle reversibility.
he electrochemical processes can be described as follows [22]:

nO2 + 4Na → Sn + 2Na2O (1)

n + 3.75Na ↔ Na3.75Sn(Na15Sn4) (2)

C + Na+ + e− ↔ NaCx (3)

As shown in Fig. 4d–f, the typical voltage profiles of pristine PC,
nO2/PC, and Sn/SnO2/PC were compared in a voltage range from
.01 to 3.0 V at a current density of 50 mA  g−1. In Fig. 4d, the PC dis-
lays a low reversible capacity of 94.2 mAh  g−1. In Fig. 4e and f, both
f SnO2/PC and Sn/SnO2/PC reveal the analogous tendency of a sta-
le plateau at 1.25 V which could be attributed to the SEI formation
5,19,25] and the irreversible transformation during the initial dis-
harge process. The first discharge and charge capacities of SnO2/PC
re observed to be around 756.8 and 189.5 mAh  g−1, respectively,
hile the initial discharge and charge capacities of Sn/SnO2/PC

ncrease to 1148.1 and 303.0 mAh  g−1, respectively. However, the
arge capacity loss in the initial cycle is likely attributed to the
rreversible reaction as described in Eq. (1), the decomposition of
lectrolyte and inevitable formation of the SEI layer. As well known,
n has been deemed as a great anode material in SIBs which holds
igh theoretical specific capacity of 845 mAh  g−1 [4], and SnO2
eveals the theoretical capacity of 667 mAh  g−1 [1]. But, the the-
retical capacity of PC may  not be calculated due to its variety of
anostructure. As a result, the theoretical capacity of Sn/SnO2/PC

anocomposites may  not be estimated accurately. As shown in
ig. 5a, after 50 cycles, the energy capacity of Sn/SnO2/PC is seen to
e higher than that of SnO2/PC. The enhanced Na-storage capacity
f the Sn/SnO2/PC electrode may  be due to the dispersion of nano-
ances of pristine PC, SnO2/PC, and Sn/SnO2/PC at different current density ranging
PC and Sn/SnO2/PC in the 5th cycle; (d) The equivalent circuit used to simulate EIS

sized Sn particles [26], which have a higher theoretical reversible
capacity than SnO2.

The cycling performances of the pristine PC, SnO2/PC and
Sn/SnO2/PC anodes were tested at room temperature at a current
density of 50 mA g−1 in the voltage range of 0.01–3.0 V (see Fig. 5a).
It is apparent that the reversible capacity of pristine PC only main-
tains 92.2 mAh  g−1 after 50 cycles. Fortunately, the introduction of
SnO2 presents an enhanced discharge capacity of 138.5 mAh  g−1

in the 50th cycle, and the capacity retention is around 62% com-
pared to the second reversible capacity of 223.8 mAh g−1. As seen
clearly, the second reversible capacity of Sn/SnO2/PC anode is
around 341.5 mAh  g−1, and it can deliver good reversible capac-
ity of 265.4 mAh  g−1 after 50 cycles with higher capacity retention
of 77.8%. Fig. 5b compares the rate capability of PC, SnO2/PC
and Sn/SnO2/PC at various current densities varying from 25 to
400 mA g−1. It is noted that PC and SnO2/PC electrodes exhibit
lower rate capabilities at higher current densities. Significantly,
the Sn/SnO2/PC works well at all current densities. In Fig. 5b, one
can see that the discharge capacities of Sn/SnO2/PC are 311.8,
253.7, 221.5, 195.4, and 146.3 mAh  g−1 at current densities of 25,
50, 100, 200, and 400 mA g−1, respectively. Moreover, it maintains
high reversible capacity of 230 mAh  g−1 after the current density
decreases back to 50 mA g−1 in the 81th cycle, showing better rate
capability than that of PC and SnO2/PC.

Electrochemical impedance spectroscopy (EIS) was employed to
understand the kinetics of sodium storage at the charge condition
(around 1.5 V), as described in Fig. 5c. The Nyquist plots are com-
posed of two  parts with a hemisphere-like shape and inclined line.
One can observe that the diameter of the intermediate frequency

region of SnO2/PC is bigger than that of the Sn/SnO2/PC, illustrating
that Sn/SnO2/PC has smaller charge transfer impedance [27], which
is beneficial for Na+ extraction/insertion [3,28]. The equivalent cir-
cuit in Fig. 5d was  utilized to fit the EIS curves. Rs signifies ohmic
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mpedance for solid state diffusion [23]. According to the equiv-
lent circuit, the Rct of the Sn/SnO2/PC electrode is calculated to
e 378.2 �,  which is much smaller than that of the SnO2/PC elec-
rode (787.3 �),  further confirming the superior electrochemical
erformance of Sn/SnO2/PC over SnO2/PC.

It is evident that the Sn/SnO2/PC anode exhibits better cycling
erformance and rate capability than the pristine PC and SnO2/PC.
uring the initial discharge process, SnO2 is reduced into Sn and
a2O as shown in Eq. (1). Subsequently, Sn may  alloy with Na as

uggested by Eq. (2) resulting in problematic volume expansion.
n this study, for the first time, the Sn/SnO2/PC nanocomposites

ere synthetized successfully via a facile reflux method for SIBs.
he nanocomposites hold unique structure. Both Sn and SnO2 were
esigned to uniformly distribute into PC with high surface area
nd good electrical conductivity. As shown in Scheme 1, PC in
he composite plays a vital role in improving the electrochemical
erformance due to its ability to disperse the particles uniformly,
roviding contact for electrical conductivity and buffering the
olume expansion of Sn and SnO2 in the sodiation/desodiation
rocesses. Meanwhile, the synergistic effect of Sn and SnO2 also
ontributes to enhancing electrochemical performance [14]. As a
esult, as anodes for SIBs, the Sn/SnO2/PC nanocomposites can
eliver high discharge capacity of 265.4 mAh  g−1 after 50 cycles,
hich is much higher than those of SnO2/PC (138.5 mAh  g−1) and PC

92.2 mAh  g−1). Therefore, the novel nanocomposites we  designed
eveal promising as anodes for SIBs.

. Conclusions

In summary, the SnO2/PC and Sn/SnO2/PC nanocomposites were
uccessfully obtained via a facile reflux method. In comparison
ith SnO2/PC and PC, the cycling performance of Sn/SnO2/PC has

een substantially improved, maintaining a discharge capacity of
65.4 mAh  g−1 after 50 cycles. The Sn/SnO2/PC composite outper-
orms the other materials in rate capabilities, energy capacity and
ycling stability at a variety of current densities. Especially, it can
chieve a discharge capacity of 146.3 mAh  g−1 at 400 mA  g−1. The
etter performance of Sn/SnO2/PC composite benefits from the
nhanced conductivity of PC and Sn. Moreover, PC can effectively
uffer the volume expansion/shrinkage upon cycling. Thus, the
n/SnO2/PC material is a prospective anode material for high per-
ormance SIBs.
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