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Graphical abstract

Core-shell structured SnO, hollow spheres-polyaniline composites have been
synthesized by in-situ polymerization of aniline monomers in the presence of SnO,
hollow spheres preprepared by two-step hydrothermal method and thermal treatment.
Using as anode material for sodium-ion batteries, the SnO,@PANI composites exhibit
long cycle life and good rate capability.
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Abstract

Core-shell structured SnO, hollow spheres (designated as SnO,-HS)-polyaniline
(PANI) composites (SnO,@PANI) have been synthesized by in-situ polymerization of
aniline monomers in the presence of SnO,-HS preprepared by two-step hydrothermal
method and thermal treatment. Using as anode materials for sodium-ion batteries
(SIBs), the SnO,@PANI composites exhibit long cycle life and good rate capability.
SnO,@PANI composites are able to deliver a relatively high reversible capacity of
213.5 mA h g’ after 400 cycles at 300 mA g, while bare SnO, particles anode only
can deliver a much lower capacity of 14.4 mA h g'1 after 400 cycles at the same
current density. The enhanced electrochemical performance could be ascribed to the
unique hollow structure and the PANI buffer layer, which are found to be beneficial
for decreasing the likelihood of pulverization of SnO, and agglomeration of generated

Sn particles during the discharge and charge process.
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Introduction

Rechargeable lithium ion batteries (LIBs) are currently predominant energy storage
systems and show promising applications in large scale electrical energy storage such
as electric vehicles (EVs) and hybrid electric vehicles (HEVs).'™ However, there is a
growing concern on the cost and limitation of lithium reserves for large-scale
commercial application besides the reliability and safety problem.”® Based on the
high availability and fairly low cost of sodium, sodium-ion batteries (SIBs) have
gained recognition as a more and more attractive electrochemical power source which
have the potential of meeting large scale electrical energy storage needs.”*

Since Na'ion (0.102 nm) is about 40% larger than Li" ion (0.076 nm) in radius, so it
is more difficult to find a appropriate host material for reversible Na-ion batteries.'?
Hence, finding and optimizing suitable anode materials is one of the crucial issues for
the development of Na-ion batteries. In order to cope with this challenge, a large

. . . . . . 15-18 - .
variety of anode materials including various carbonaceous materials, >~ intermetallic

1921 metal oxide”* have been explored. Among these metal oxides

anode materials,
investigated as electrode materials, SnO, receives a special attention because SnO,
can yield a theoretical reversible specific capacity of 667 mA h g'l, in addition to its
environmental benignity and quite low cost.”> However, SnO, exhibits relatively bad
rate capacity and poor cycling performance because of the extremely large volume
expansion during the sodium insertion-extraction process. To solve this problem, an

enormous amount of research efforts go into optimiztion of tin oxides. Kushima et al.

explored the chemical and structural evolution of SnO; nanowire in SIBs by
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transmission electron microscopy and density functional theory calculations.”® Xie et
al. synthesised SnO,@graphene nanocompositess through a hydrothermal route as an
anode candidate for SIBs with a capacity of 324 mA h g" at 50 mA g".*” Wang et al.
prepared SnO,@multiwalled carbon nanotubes by a solvothermal method, which
delivered a capacity of 230 mA h g at 250 mA g over 50 cycles.”®

In addition to preparing SnO,/C composites for improving the capacity retention,
designing and synthesizing unique SnO, morphology has been turned out to be an
efficacious method to enhance the cyclic stability in LIBs, such as nanorodarrays,*
nanotubes,”® and hollow nanostructures.”’* On the other hand, conducting polymers
have also been introduced to improve the anode performance in LIBs. In addition to
improving electron conductivity, the soft polymer matrix also can relax the internal
stress of solid particle that suffer from severe volume change during charge and
discharge cycles.** Polyanilie (PANI) has gained comprehensive attentions as one of
the conducting polymers, due to its environmental stability and easy synthesis.
Herein, we report a core-shell structured SnO; hollow spheres-polyaniline composites,
in which SnO,-HS were prepared by two-step hydrothermal method and thermal
treatment. The proposed synergistic effect between the PANI shell and the hollow
structure can alleviate the volume changes of SnO, and agglomeration of generated
Sn particles during the discharge and charge process, and therefore improve
electrochemical performance of SnO, anode materials in SIBs. The SnO>@PANI
composites exhibit long cycle life and good rate performance, delivering a high

discharge capacity of 213.5 mA h g'1 over 400 cycles at 300 mA g'l.
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Experimental

Preparation of SnO, hollow spheres

The SnO, hollow spheres (SnO,-HS) were synthesized by a simple hydrothermal
method in aqueous glucose/SnCly solution via self-assembly method. The typical
procedure is first to dissolve 4.28 g of glucose and 4.38 g of SnCls*5H;0 in ethanol
(30 mL) and deionized water (15 mL) to obtain a transparent colorless solution by
magnetic stirring. The mixed solution was then transferred into a Teflon-lined
stainless steel autoclave (60 mL). Then the autoclave was kept at 180 °C for 24 h
before it was cooled in air. The black sediment obtained was filtered and washed with
ethanol and deionized water, and finally dried in a vacuum oven at 80 °C for a few
hours. Subsequently, the sediment was calcined in air at 650 °C for 5 h to burn off
carbon, leaving SnO, hollow microspheres (SnO,-HS). The black sediment turned
light yellow indicating the successful removal of carbon by oxidization in air. Bare
SnO; particles were also synthesized through the above procedure but without adding
glucose.

Preparation of core-shell structured SnO; hollow spheres-polyaniline composites
The SnO,-HS were covered by a PANI shell via in-situ chemical polymerization route.
In a typical procedure, 0.5 g of SnO,-HS were uniformly dispersed in a 80 mL
aqueous solution containing 8 mg of cetrimonium bromide(CTAB) under sonication
for 30 min and magnetic stirring for 3 h. After magnetic stirring, 0.7 mL aniline
monomer was slowly added into the above solution under stirring. Then, 20 mL of 0.1

M ammonium persulfate(APS) aqueous solution was dropwise added into the solution.
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The gradually changing color from light gray to black indicated the formation of
PANI. The polymerization process was conducted with stirring continuously for 4 h at
room temperature. The resulting black products were washed and centrifugated with
ethanol and deionized water at least three times, and then dried at 60 °C under
vacuum overnight.

Materials characterization

The morphologies of the as-prepared materials were observed by field emission
scanning electron microscopy (FESEM, Nova NanoSEM 230) and transmission
electron microscopy (TEM, TecnaiG2 20ST). Powder X-ray diffraction (XRD, Rigaku
3014) using Cu Ka radiation was employed to identify the phase of the hydrothermal
products. Thermo gravimetric analysis (TGA, SDTQ600) was also measured in
determining the tin oxide content in the SnO,@PANI composites. TGA measurement
was performed from 25 °C to 800 °C at a heating rate of 5 °C min™ in air.
Electrochemical measurements

The electrodes were fabricated by a slurry coating process. The anode slurry was
prepared by mixing 80 wt% core-shell structured SnO, hollow spheres-polyaniline
composites, 10 wt% acetylene black and 10 wt% carboxymethyl cellulose (CMC)
binder in water by grinding. The slurry of the anode was casted onto an copper foil,
then dried overnight at 55 °C under vacuuming. The same method was also used to
fabricate the SnO, hollow spheres and bare SnO, anodes. The electrochemical
properties were measured by assembling a CR-2025 type coin cell with a sodium

metal sheet as the counter and reference electrode in an argon-filled glove box

Page 6 of 20



Page 7 of 20

RSC Advances

(Universal 2440/750) in which water and oxygen contents were both no more than 2
ppm. The electrolyte used was 0.8 M NaClO4 dissolved in a mixture of diethyl
carbonate (DEC)/ethylene carbonate (EC) (1:1 in v/v) with 5 wt% fluoroethylene
carbonate (FEC) addictive. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were both carried out on the PARSTAT 2273
electrochemical measurement system. CV tests were performed in the voltage range
of 0.01-2.0 V at a scan rate of 0.2 mV s”. The galvanostatic charge/discharge tests
were evaluated at a current density of 300 mA g with a cut-off voltage range from
0.01-2.0 V under a LAND CT 2001A charge/discharge system.

Results and discussion

Synthesis and characterization

The schematic illustration in Fig. 1 displays the overall experimental procedure of
preparing SnO,@PANI composites. Firstly, carbon spheres could be synthesized by
facile solvothermal process in aqueous glucose solution®. Meanwhile, the SnCly salts
hydrolyzed and dehydrated to form SnO, particles. Then the SnO, particles were
anchored on the surface of the pre-synthesized carbon spheres. Subsequently, SnO,
hollow spheres could be gained by getting rid of the inner carbon templates by
calcinations in air. Collectively this had led to the formation of hollow spheres
consisting entirely of aggregates of crystalline SnO, nanoparticles. Finally, the SnO,
hollow spheres were covered by a PANI shell via an in-situ chemical polymerization
route.

Fig. 2a shows the XRD patterns of PANI, SnO,-HS, and SnO,@PANI composites. All
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of the diffraction peaks of SnO,-HS could be consistently indexed on the SnO, phase
with a tetragonal rutile structure (JCPDS card no. 41-1445). However, PANI simply
has a weak and broad diffraction centerd at 23°, indicating a poorly crystalline state.
In comparison with SnO,-HS, the SnO,@PANI composites showed sharp peaks of
SnO, with reduced peak intensity and no peak shift, which suggesting absence of
phase transformations during in situ chemical polymerization. As shown in Fig. 2b,
thermo gravimetric analysis was used to determine the amount of PANI and SnO; in
the SnO,@PANI composites. The TGA analysis indicates that the PANI content in the
compositess is 28.06 wt% and the SnO, content is 71.94 wt%.

Morphologies of the materials were revealed by SEM and TEM images, as shown in
Fig. 3. The SEM images of the SnO, hollow spheres at different magnifications are
presented in Fig. 3b and 3d. As shown in Fig. 3a, 3b and 3d, the SnO,-HS exhibit a
uniform and rather spherical shape with diameters in the range of 400-1000 nm.
Furthermore, it can be seen that the SnO,-HS have a rough and porous morphology
being composed of numerous SnO, nanoparticles. Typical TEM images of SnO,-HS
at different magnifications (Fig. 3¢ and 3e) reveal that the SnO,-HS have a hollow
structure which has a large internal void space. The SEM image of SnO,@PANI
composites (Fig. 3g), shows that the surface of SnO,@PANI composites is more
smooth compared with Fig. 3d, indicating that SnO,-HS have be enwrapped by PANI
coatings. Meanwhile, Fig. 3h shows representative TEM image of SnO,@PANI, from
which the PANI layer coated on SnO,-HS is observed to be approximately 15-20 nm

(marked by an arrow). Moreover, HR-TEM image in Fig. 3e and 3i, show an
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interplanar spacing of about 0.335 nm and 0.268 nm (corresponding to the (110) and
(101) planes of SnO;) and a PANI layer clearly, indicating the formation of
SnO>@PANI.

Electrochemical performance

Fig. 4a shows the cyclic voltammetry (CV) curves of the SnO,@PANI composites
anode for three cycles. The discharge and charge reactions can be modified as follows:
SnO, + 4Na — Sn + 2Na,O (1), Sn + xNa « NaxSn (2).* During the first
discharge, a large irreversible reaction between 0.5 V and 1.0 V can be observed,
which is associated with the irreversible reaction of SnO, with Na' ion to form
metallic Sn and amorphous Na,O and the decomposition of the electrolyte. These
weak oxidation peaks can be assigned to the reversible dealloying of Na,Sn. From the
second cycle, all redox peaks are well overlapped, indicating high electrochemical
reversibility of the SnO,@PANI electrode. Fig. 4b shows the charge and discharge
curves of the first three cycles. In consistence with the CV profiles, the initial
discharge profiles show an irreversible plateau at around 0.75 V. This plateau just
appears in the first cycle and can be ascribed to the irreversible reaction of SnO, with
Na' to form Sn and Na,O along with the formation of a solid-electrolyte interface
(SED) layer. Upon charge, the reaction is reversed. A large decrease of the discharge
capacity between the initial cycle and the second cycles is visible. The irreversible
capacity loss in the first charge and discharge process is mainly attributed to the
irreversible reaction (1) and the formation of a SEI film on the surface of the

anode.***” The discharge and charge curves remains almost unchanged from the
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second cycle, suggesting good reversibility.

Fig.5a shows the cycling performances of SnO,-HS, bare SnO, particles and
SnO,@PANI composites. As shown in Fig. 5a, the bare SnO, particles anode
deliveres a specific capacity of 508.3 mA h g ' during the initial discharge but retains
only 14.4 mA h g ' after 400 cycles at 300 mA g"'. By contrast, the retained specific
capacity for the SnO,-HS anode is 145.5 mA h g ' in the 400th cycle, while the
SnO,@PANI (28.06 wt%) core-shell composites anode can deliver an initial specific
capacity of 667.8 mA h g”' and keep 213.5 mA h g ' after 400 cycles at the same
current density. SnO,@PANI composites exhibit a much higher sodium storage
capability than that of SnO,-HS, bare SnO, particles, those of previously reported

7728 and carbonaceous materials.*®*° Wang et al. prepared

SnO,/C materials
SnO@multiwalled carbon nanotubes through a solvothermal method, whose
discharge capacity decrease to 230 mA h g at 250 mA g only after 50 cycles.*®
White et al. systhesized hollow carbon nanospheres by template method as sodium
ion battery anode material. After 100 cycles, only 160 mA h g'1 is stably attained.”
The SnO,@PANI composites anode also displays similar discharge profiles in the
following cycles (the inset in Fig. 5a), indicating a good reversibility of the
SnO,@PANI composites anode. We also tested the rate capabilities of SnO,@PANI
composites at varied current densities from a current density of 50 mA g ' up to 1000
mA g ' (Fig. 5b). It is clear showed that the SnO,-HS anode presents much lower

capacity than the SnO,@PANI composites electrode at different current rates. When

cycling at 1000 mA g'l, the SnO,@PANI still can deliver a capacity of about 110 mA
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h g'. The specific discharge capacity can quickly recover to 235 mA h g’ as the
current density reversed back from 1000 mA g'1 to 200 mA g'l. This approves that
SnO,@PANI compositess are tolerant to varied discharge current densities.

In order to comprehend the different electrochemical behaviors, EIS of SnO,-HS and
SnO,@PANI was further carried out as shown in Fig. 6. The Nyquist plots were fitted
by the equivalent circuit. As shown in Fig. 6, where Re represents electrolyte and ohm
resistance, Rint and C1 represent surface film resistance and the relax capacitance,
Rct and C2 represent the charge transfer resistance and the double layer capacitance,
and Wo is the Na-ion bulk diffusion resistance. Base on the equivalent circuit fitting,
SnO,/PANI composites exhibit a much lower Rct value (683.5Q2) than bare SnO,-HS
(964.4Q0). The conducting effect of PANI is responsible for the lower Rct value of
SnO,/PANI composites. On the basis of these results, it confirms that the
incorporation of PANI coating is an effective method for enhancing the electron
transport of SnO,-HS, which leads to an improvement in the electrochemical
performance.

The enhanced electrochemical performance can be attributed to the synergistic effect
of the PANI shell and the SnO,-HS, which is able to mitigate the large volume change
of SnO, during charge and discharge progress and prevent the nanoparticles from
agglomerating. A probable mechanism of this synergistic effect, in which the PANI
shell can act as a buffer to alleviate the volume change of SnO, hollow spheres, is put
forward in Fig. 7. During the discharge process, SnO; nanoparticles would react with

Na to form a mixture of Na,O and Na,Sn, as shown in reaction (1) and (2).
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Subsequnently, metallic Sn and Na is converted from the Na,Sn dealloying process

during sodium extraction. The effects of the great volume change of SnO, can be

mitigated by the PANI coating, which serves as a buffer between contiguous SnO,-HS.

Furthermore, the large inner hollow space can accommodate the great volume change
to some extent. Hence, the proposed synergistic effect between the PANI shell and the
hollow structure of SnO,-HS can decrease the likelihood of pulverization of the SnO,
anode electrode. In addition, the PANI shell is also able to provide good electrical
contact within the composites, which is in agreement with the results of EIS.

In order to confirm the proposed mechanism, morphological study of bare SnO, and
SnO,@PANI core-shell composites electrode after cycling 400 cycles were studied by
SEM and TEM. Fig. 8a and 8b show that the cracks in the bare SnO, anode after 400
cycles are much larger than that in the SnO,@PANI composites anode. And in Fig. 8c
and 8d, some deformation of hollow spheres structure is observed, but the entire
sphere structure is maintained and each hollow sphere is interconnected. The results
indicate that the PANI buffer on SnO,-HS and large inter space have the ability to
alleviate the large volume expansion and maintain the structural integrity of the
anode.

Conclusions

In this work, core-shell structured SnO, hollow spheres-polyaniline composites
(SnO,@PANI) have been synthesized through in-situ polymerization of aniline
monomers in the presence of preprepared SnO,-HS. The SnO,@PANI composites is

successfully used as an anode material for SIBs, exhibiting significantly enhanced
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cycling performance (213.5 mAh g ' after 400 cycles) and good rate performance.
The enhanced cycling performance is attributed to the unique hollow structure and the
PANI buffer layers, which are found to be beneficial for alleviating the volume
changes of SnO, and agglomeration of generated Sn particles during the discharge
and charge process. This work may open a new path toward designing SnO, based
composites anode materials for Na-ion batteries with improved cyclic stability. In
addition, the formation of the stable SEI film on the surface of anode also contributes
to the good electrochemical performance of SnO,@PANI by stabilizing the
electrode/electrolyte interface.
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Figures and figure captions

iucosel dehydration A SnCls i
9 q Carbon
SnCL B rabonization precipitation @

\
calcination
air
aniline
polymerization

Fig. 1 Schematic illustration of the formation processes of the SnO,-HS and

SnO,@PANL
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Fig. 2 (a) XRD patterns of bare SnO,, PANI, and SnO,@PANI, (b) TGA curves of

SnO,@PANI composites.
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-0:268 nm ;
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Fig. 3 SEM images of SnO,-HS (a) (b) and (d), SnO,@PANI (g), at different
magnifications; TEM images of SnO,-HS (c¢) and (e), SnO,@PANI (h); HR-TEM

images of SnO,-HS (f), SnO,@PANI (i).
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Fig. 4 (a) Cyclic voltammograms of SnO,@PANI for the first 3 cycles at 0.2 mV s™';

(b) Discharge and charge profiles of SnO,@PANI for the first 3 cycles at 300 mA g™
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Fig. 5 (a) Cycling performances of bare SnO,, SnO,-HS and SnO,@PANI anode
electrodes. The inset shows the charge and discharge profiles of SnO,@PANI anode
electrodes in the 1st, 2nd, 5th, 20th and 50th cycles; (b) Rate performance of

SnO,@PANI nanocompositess at varied current densities.
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Fig. 6 EIS for SnO,-HS and SnO,@PANI core-shell composites anodes. The inset is

the equivalent circuit used for the analysis of the impedance plots.
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Fig. 7 Scheme of the role of PANI in alleviating the volume change of SnO,-HS

during the sodiation/desodiation reactions.

Fig. 8 SEM images of (a) bare SnO, electrode after 400 cycles; and (b,c) SnO,@PANI
electrode after 400 cycles; (d)TEM image of SnO,@PANI composites after 400

cycles.
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